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ABSTRACT 

 

 

 

Demand for increased data storage has resulted in the development of various types 

of magnetic tape.  To achieve higher recording density, tape manufacturers are developing 

thin-film tapes, such as advanced metal evaporated (AME) tape, for use in linear tape 

drives. The structure of AME tape is fundamentally different from metal particulate (MP) 

tape.  The goal of this study was to determine the methods and mechanisms associated with 

failure of AME tapes as well as evaluate the magnetic performance of these AME tapes 

including the impact of tape cupping and initial edge quality in an advanced linear tape 

drive.  

Numerous durability tests are performed in an advanced linear tape drive.  To 

understand the failure mechanisms of the AME tapes, damage to the tape edge and debris 

accumulation of the head are monitored using optical microscopy.  Atomic force 

microscopy (AFM) is used to determine the roughness of the unworn and worn tapes.  

Lateral tape motion peak-to-peak amplitude and head-tape interface friction are used as a 

metric.  To evaluate the magnetic performance of the AME tapes head output, dropouts, 

head-tape interface friction and lateral tape motion are monitored throughout testing.  

Lateral tape motion has become one of the critical limitations of magnetic performance.  

To more accurately measure lateral tape motion during drive development, a new method 

involving the output voltage of a head read element that has been adjusted to be halfway off 

the recorded track on tape is implemented. 
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It is shown that AME tape exhibits a slightly lower coefficient of friction than the 

MP.  The negatively cupped AME tape demonstrated a greater value of lateral tape motion 

peak-to-peak amplitude than both of the positively cupped AME samples as well as the MP 

tape sample.  It was found that poor initial tape edge condition plays a large role in debris 

generation.   The dominant mechanism of failure for the AME samples is adhesive wear 

resulting in removal of the DLC overcoats and sub layers.  It is also shown that positively 

cupped AME tapes will result in similar head output and fewer dropouts than the current 

MP tapes.  The negatively cupped AME sample resulted in the lowest head output data and 

the highest amount of dropouts of all the tapes evaluated in this investigation.  All tapes 

evaluated resulted in similar values of lateral tape motion when monitored at the center of 

the tape.  When lateral tape motion was monitored at the lower edge of the tape, the 

positively cupped AME tape with the worst relative edge contour length resulted in the 

highest value of lateral tape motion.  From this investigation, positively cupped AME tapes 

with good initial relative edge contour length are recommended for use in linear tape drives 

similar to that used in this study.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

 

The demands of data storage devices such as linear tape drives continue to grow 

as the need for faster data retrieval is coupled with increasing amounts of data.  Magnetic 

tape provides a safe, reliable, cost-effective way to back up large amounts of data, and 

allows for easy off-site storage.  Over the last fifty years, societies around the world have 

become more dependent upon computers for information storage and processing, and as a 

result, demand for increased storage capacity has risen rapidly.  In the last fifty years, 

hard disk storage density has increased about 10 million times, while magnetic tape 

storage density has increased only about 100 thousand times.  For magnetic tape to 

remain a competitive option for data storage, significant improvement must be made in 

the storage capacity of future tapes.  Before explaining the technical hurdles that limit 

storage capacity of magnetic tapes, a brief explanation of the recording process and the 

various commercial technologies is given. 

The principle of magnetic recording is the same in both hard disks and magnetic 

tape.  An external magnetic field, created by an inductive write head, induces remanent 

magnetization of the recording medium, establishing a series of north and south poles that 

remain after the magnetic field is removed.  The read head, whether inductive or 

magnetoresistive, passes over the medium and detects magnetic flux reversals (transitions 

from north to south poles).  There are various methods for encoding binary information 
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on the medium, but all methods use detection of flux reversals to somehow represent bit 

ones and zeros.  The number of bits that can be stored in a unit length is called linear bit 

density and the number of bits that can be stored in a unit area is called areal bit density 

(or areal recording density).   

There are essentially two types of tape drives – linear and helical-scan.  Helical-

scan drives, such as camcorders and video cassette recorders, have a relatively large 

cylindrical read/write head that rotates as the tape is slowly moved over the head surface.  

Linear tape drives have a smaller, flatter, non-rotating head, across which the tape is 

moved at high speed.  Helical-scan drives are generally more complex and less reliable 

than linear tape drives, so most data storage applications use linear tape drives. 

The current state of the art in magnetic tapes for linear tape drives in magnetic 

particle (MP) tape, in which tiny needle-shaped iron particles become magnetized and 

constitute the recorded bits.  To increase linear bit density, manufacturers are developing 

thin-film tapes, such as advanced metal evaporated (AME) tape, with a continuous film 

of magnetic material deposited on the tape substrate.  The structure of AME tape is 

significantly different from the structure of MP tape.  AME tape is generally less durable 

and must be run at a lower tension, and its increased storage capacity means that it must 

be run at higher speed in order to maintain acceptable data rates. 

Chapter two of this thesis examines the methods and mechanisms associated with 

the failure of AME tapes as well as investigates the effect of tape cupping and initial edge 

quality on tape durability in an advanced linear tape drive.  Chapter three evaluates the 

magnetic performance of AME tapes including the impact of tape cupping and initial edge 

quality and explores the causes and new measurement technique of lateral tape motion (the 
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significance of which is explained more fully in chapter three).   Chapter four provides a 

brief summary of the findings. 
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CHAPTER 2 

 

FAILURE MECHANISMS OF ADVANCED METAL EVAPORATED TAPE IN 

AN ADVANCED LINEAR TAPE DRIVE 

 

 

 

2.1. Motivation 

Future magnetic tapes for linear tape drives currently under development can be 

fundamentally different from MP tape. One way to achieve the coercivity and high 

remanent magnetization needed for increased storage capacity is for tape manufacturers 

to develop “thin-film” metallic magnetic layers. Thin-film tapes, such as AME tape, have 

a vacuum deposited continuous film of magnetic grains deposited on the tape substrate, 

unlike MP tape, which has discrete magnetic particles dispersed in a polymer matrix 

along with lubricant and certain head cleaning agents (HCAs) (Bhushan, 1996).  For high 

recording density close proximity between the head and the tape is required, raising a 

number of tribological issues (Bhushan, 1996, 2000, Luitjens et al., 1996).  The magnetic 

film of AME tape lacks the corrosion and wear protection afforded by MP tape’s 

composite magnetic layer construction, so a thin diamond-like carbon (DLC) coating and 

a liquid lubricant layer are added on top of the magnetic film. For these reasons the 

failure mechanisms of AME are of interest. 

Earlier studies on AME tapes in a Hi-8 video helical scan tape drive at an inlet 

tension of 100 mN by Patton and Bhushan (1997) and Bhushan and Patton (1998) 

reported that the head-tape interface durability is a concern. Luk and Bhushan (2001) 
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performed tests using a digital camcorder (operating at low inlet tensions of 70 mN) and 

newer generation tapes developed for consumer and professional digital mini digital 

video (MDV) and data recording applications. They reported that newer digital AME 

tapes had acceptable durability. This study clearly showed that durability of AME tapes is 

sensitive to tape tension and a lower tape tension is required for AME tape use. Topoleski 

and Bhushan (2001), for the first time, performed durability tests on AME tapes in a 

linear tape drive. They reported that AME tapes used for rotary drives were not durable 

operating against commercial digital linear tape (DLT 4000) heads at a high tension of 

0.8 N used in linear tape drives. Sharp transverse edges on the surface of the head were 

partly responsible for removal of lubricant and damage to the coating. They reported a 

need for optimization of head contours for linear tape drive application and the use of 

drive tensions below a certain threshold.   

Goldade and Bhushan (2004) investigated the durability of AME tape in a linear 

tape drive by running it against various head contours at various tensions. They found 

that AME tape exhibited good durability when run against certain heads with gentle 

contours and below a certain tension threshold. One specific head studied was the 

Seagate LTO (Generation 1) head. They found that good durability could be achieved at 

tape speed of 6 m/s and tension of 0.25 N.  

As the MP tape surface wears, two general types of deposits are formed on the 

head: loose debris and stain (also called “adherent debris”) (Bhushan and Hahn, 1995, 

Scott and Bhushan, 2000). The deposit is classified based on the relative ease (or 

difficulty) with which it can be removed.  Loose debris can be easily removed from the 

head surface with a puff of air or a light swipe of a cloth, while stain is more tenacious 
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and requires vigorous mechanical action (e.g. diamond lapping tape) to remove. Stain 

increases head-to-tape spacing, causing separation loss, but has also been found to act as 

a lubricant and reduce continued wear in the case of particulate tapes (Lemke, 1972, 

Kattner and Bhushan, 2000a, 2000b). Loose debris can cause a temporary increase in 

head-to-tape spacing, leading to transient signal dropouts (Anderson and Bhushan, 1996) 

and some hard debris particles, such as alumina HCAs used in the formulation of MP 

tape, can cause wear of the head surface (Goldade and Bhushan, 2002).  For these reasons 

the type of debris generated from the experiments is of interest.   

Osaki et al. (1990) researched the failure mechanisms of AME tape in helical scan 

videotape recorders.  It was reported that there were two different wear mechanisms, 

depending on the contact pressures between the tapes and heads.  If there was high 

contact pressure the wear of the magnetic layer started with the increased friction force 

between the tape and head that increased with an increase in cycles.  A slight peeling of 

the magnetic layer by the head was then noticed after a certain critical friction force was 

reached.  Large particles from the fractured magnetic layer then were removed and 

transferred onto the head.  This caused the friction force to continue to increase until the 

magnetic layer was peeled off in a severe wear process.  If the contact pressure was low, 

the friction force between the tape and head increased slowly.  The friction increased to a 

value below the critical frictional force for the tape, at which time the magnetic layer was 

peeled by the head.  The thickness of the magnetic layer then decreased leaving some 

parts of the base film exposed.  Larger cracks then appeared by the gathering of many 

smaller cracks. Large particles from the fractured magnetic layer then were removed and 
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transferred to the head.  Again, this provided for higher frictional forces and resulted in 

the continued peeling of the magnetic layer by a severe wear process.  

Due to the brittle nature of the thin-film coatings, significant cracking of the 

coating at the edges can occur during factory slitting leaving a poor initial tape edge.  

Depending on the cupping orientation of the tape samples, these cracked edges can 

potentially result in heavy debris generation.  Tape cupping is the natural tendency of the 

tape to curl about an axis parallel to the direction of travel along the tape width (Bhushan, 

2000, Scott and Bhushan, 2003).  Positively cupped tapes curl so the edges are towards 

the head, while negatively cupped tape edges are curled away from the head.  It was 

originally presented that positively cupped AME tape has desirable compressive stress in 

the magnetic coating and DLC, which prevents crack propagation, with the trade off 

being edge damage and debris formation (Goldade and Bhushan, 2005).  This increase in 

debris generation resulting from positively cupped tapes has since been reported (Hansen 

and Bhushan, 2004).  Goldade and Bhushan (2005) also reported that negative cupping 

leads to increased rubbing and debris generation in the data region of the tape.  From 

these results it is unclear which type of tape cupping should be recommended for a 

positive effect on tape durability. 

  A durability study of today’s AME media is necessary to determine the 

appropriateness of its use in data storage drives. The durability study presented represents 

the investigation of the effects of tape cupping and initial tape edge condition on AME 

tape wear.  Tests were also performed on MP tape to be used for comparison. 
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2.2. Experimental 

2.2.1. Tape transport and test procedure 

Drive tests were conducted in a class 10,000 laboratory environment (22 ± 1 °C; 

relative humidity 45 ± 5 percent) using the Segway Systems / Mountain Engineering 

MTS linear tape transport with horizontal tape path, shown schematically in Fig. 2.1.  

Tape guides are single-flanged and tapered at a slight angle to force the lower edge of the 

tape to ride along the flange. The head mount is designed such that the head zenith angle 

is the same as the guide taper angle. Penetration of the head into the tape path was 

controlled using a micro-positioner with resolution of 0.025 mm. Penetration was set the 

same for each test, such that the tape was wrapped over the entire space of the head with 

no overwrap. Each guide is a porous air bearing consisting of housing, porous ceramic 

bearing material, lower flange, and outriggers. The housing and the bearing member form 

a plenum connected to an air pump such that airflow through the porous material creates 

an air cushion that supports the tape. The outriggers at each side of the guide provide 

cleaning action to the tape.  

Tape tension is monitored on both sides of the head by measuring air pressure in 

the gap between the tape and the bearing member by means of pressure transducers that 

are mounted in the two guides bracketing the head. The drive controller monitors the 

pressure transducer signals and angular velocities of the tape reels and maintains constant 

tension and linear tape speed during a pass. The controller is connected to a PC that 

allows the operator to program certain drive parameters. Up to 600 m of 9 µm-thick tape 

can be loaded onto the tape reel, and the drive can be programmed to run for a specific 

number of cycles, with practically any pass length, at tape speeds between 2 and 12 m/s 
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Fig. 2.1 Schematic diagram of the Segway Systems/Mountain Engineering MTS linear 

tape transport with porous air bearings and single-flanged tapered guides 
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and tensions between 0.25 and 1.2 N.  All tests in this study were performed at 6 m/s and 

0.5 N to expedite tape wear. At the beginning of each durability test a new piece of tape 

was loaded into the transport and a clean head was mounted.  Pass length was set at 100 

m with one forward and one reverse pass equal to one 200-m cycle. After every 1000 

cycles the drive was stopped and the head was removed for imaging using optical  

microscopy.  Each tape was allowed to run initially for a combined 5000 cycles while 

monitoring coefficient of friction and LTM.  Atomic force microscopy (AFM) was used 

to obtain surface roughness measurements on the tape samples. 

2.2.2. Head and tape samples 

Figure 2.2 (a) is a schematic of the commercial Seagate LTO (Generation 1) head 

used in this study. It is an inductive write/magnetoresistive (MR) read head with Al2O3-

TiC substrate, 80/20 Ni-Fe MR stripe, CZT shields and poles, and Al2O3 overcoat, 

undercoat, and gap material. The MR stripe, shields and poles, and overcoat, undercoat, 

and gap material are sputter deposited on the substrate. The head is vertically symmetric 

about the glue line, so only half of the head is shown in Fig. 2.2 (a).  The crosshatched 

areas in the head schematic (not including the blow-up of the thin-film region) are raised 

surfaces and areas without crosshatching are transverse slots. The outermost raised 

surfaces are outriggers, designed to remove loose debris from the tape before passing 

over the poles. The slots are designed to allow air to bleed away from the interface and 

also serve to capture some loose debris that passes through the interface. The head has 

eight read/write channels, numbered zero through seven, two servo channels above the 

read/write channels, and two servo channels below the read/write channels. For each 

read/write channel there are two thin-film regions (one on either side of the head), giving 
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the head read-while-write capability. The servo channels are used for head positioning 

during reading and writing operations. The head was oriented in the drive such that 

channel zero was closer to the upper edge of the tape than to the lower edge.  

Figure 2.2 (b) is a schematic of the cross-sections of MP and a generic AME tape. 

The MP tape is commercial, 12.7 mm-wide Ultrium tape. It is a dual-layer metal particle 

tape with magnetic layer and backcoat thicknesses of 0.25 µm and 0.5 µm, respectively, a 

substrate thickness of about 6.5 µm, and an overall thickness of 9 µm. The magnetic layer 

contains needle-shaped, passivated iron magnetic particles and HCAs dispersed in a 

polymer formulation of binder and fatty acid ester lubricants. The magnetic particles are 

typically 0.1-0.2 µm in length and have an aspect ratio of five to ten. The HCAs are 

generally 0.2-0.3 µm-diameter Al2O3 particles and conductive carbon particles, added to 

improve friction wear properties and electrical conductivity.  

The three AME tapes used in this study were 12.7 mm wide, with a dual-layer 

magnetic coating designed for use in a linear tape drive.  The overall tape thickness of 

these tapes is about 8.6 µm. Two of the AME samples are experimental formulations 

with different cupping orientations.  These samples will be henceforth referred to as Tape 

A samples.  The frontcoat of these tapes consists of the dual magnetic layer (180 nm 

thick) of evaporated Co-O, over which is a 12 nm thick DLC coating, over which is a 5 

nm-thick liquid lubricant layer. DLC is a hard coating used to protect the magnetic 

coating against corrosion and wear. The lubricant enhances the durability of the DLC and 

magnetic coatings by reducing friction at the head-tape interface. The lubricant 

commonly used consists of an overcoat of fatty acid esters on a perfluoropolyether 

(PFPE) coating.  The third AME sample is a commercially available positively cupped  
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Fig. 2.2 (a) Schematic drawing of one half of the Seagate LTM head (symmetric about 

the glue line) with detailed schematic view and optical micrograph of the thin-film region 

(b) Cross-section schematic showing the structure of MP and generic AME tapes sample, 

which will be referred to as Tape B.  This sample also had layers of DLC and lubricant of 

unknown thicknesses.   
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Cupping measurements of unworn tapes were made using an optical microscope 

(OPTIPHOT-2, Nikon Corporation, Tokyo, Japan) following the technique developed by 

Scott and Bhushan (2003). Prior to measurements, 1 m-long tape strips were conditioned 

for 24 hours at ambient conditions by hanging them such that both frontcoat and backcoat 

were exposed to the test environment. The unworn MP tape used in this study has 

negative cupping equal to about 1 mm at its greatest. One of the unworn Tape A samples 

used in this study has positive cupping equal to about 0.1 mm at its greatest. The other 

unworn Tape A AME sample has negative cupping equal to about 0.6 mm at its greatest.  

The Tape B sample was positively cupped to about 0.7mm.  Unworn and worn tape 

cupping plots are shown in Fig. 2.3 (a). 

2.2.3. Measurement techniques 

In preparation for edge quality measurements, samples were cut into 30 mm strips 

and mounted on glass microscope slides with double-sided adhesive tape.  Optical images 

were obtained with an optical microscope in the brightfield mode with a white light 

source. Gray-scale images (640 × 480 pixels) were captured with a CCD camera at a 

resolution of 0.175 µm per pixel and saved on a PC.  

Edge quality measurements were performed using the methodology developed by 

Topeleski and Bhushan (2000) and Goldade and Bhushan (2003, 2004).  Relative edge 

contour length is used as a measure of edge quality.  The tape edge appears in the optical 

micrographs as a line of pixels of varying opacity.  Adding power to the light source of 

the microscope overexposes the image, leaving behind the tape edge.  With the use of 

image analysis software, the edge contour is outlined and the number of pixels 

constituting the edge is calculated.  The total number of pixels for each edge is divided by 
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the number of pixels for a perfectly straight line to obtain relative edge contour length.  

Each relative edge contour length reported is the average of 10 measurements. 

During the study the coefficient of friction is calculated from the drive tension 

signals using the belt equation and captured by the data acquisition software (NI-6023E, 

National Instruments, Austin, TX) with a sampling rate of 150 Hz.  The data acquisition 

was controlled by Snap-Master V3.5 data acquisition software (HEM Data Corp., 

Southfield, MI).   

A method to determine the true value of lateral tape motion, or LTM is currently 

under development.  The method used in this study implements the MTI 2000 Fotonic 

sensor, equipped with Edge Probe (MTI Instruments Inc., Latham, NY, probe 2062E with 

sensitivity of 44.76 µm/V and noise level of 20 mVP-P).  The data was obtained using a 

single edge probe monitoring the bottom edge of the tape.  The use of photonic sensors 

will provide values that will involve both LTM and the physical contour of the tape edge.  

The contour of the tape does not always coincide with LTM so the values obtained 

provide an estimate of true LTM.  This LTM signal was also captured by the data 

acquisition board. 

AFM (Dimension 3100 from Digital Instruments, Santa Barbara, CA) was used to 

measure surface roughness parameters. Images were acquired in contact mode with a 

Si3N4 tip (square pyramid with a half-angle of 35º) that has a nominal tip radius of 30-50 

nm. Scan size was 10 µm
2
, scan rate was 1 line per second, and resolution was 512 

samples per line.  Surface roughness parameters were calculated using the program 

described in Bhushan and Mokashi (2001).  This program allows for evaluation of 

surface parameters such as the standard deviation of surface heights (σ), skewness, 
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kurtosis, peak-to-valley distance (P-V), and summit parameters such as standard 

deviation of summit heights (σs), mean summit radius (Rs), and summit density (η).  All 

values presented are the average of five measurements.  AFM images of the unworn tape 

samples and their corresponding surface roughness parameters are shown in Fig. 3 (b). 

 

2.3. Results and discussion 

AME and MP tapes were run against a Seagate LTO head in a linear tape drive at 

6 m/s and 0.5 N tension. Coefficient of friction and the amount of P-P LTM was 

monitored throughout testing.  After every 1000 cycles the drive was stopped, and the 

head was removed and examined for staining and debris using optical microscopy.    

2.3.1 Effect of cupping on LTM and coefficient of friction 

The results of coefficient of friction and LTM P-P amplitude are shown in Fig. 2.4 

(a).  Both the AME negatively cupped (AME-NC), and the AME positively cupped 

(AME-PC) tapes resulted in lower coefficient of friction values than did the MP.  This 

was because of the smoothness of the AME magnetic layer and the tape lubricants.  Wear 

of the tape would coincide with an increase in coefficient of friction.  As can be seen in 

the figure, all four tapes had relatively smooth increases of less than 0.1 and were 

continuing to increase.  This would indicate that none of the tapes had reached complete 

failure which is expected to be represented by a sharp increase in friction.  The LTM P-P 

amplitude of the MP and the Tape A and Tape B AME-PC samples were very similar.  

The Tape A AME-PC values actually decreased over the 5000 cycles.  This is believed to 

be a result of wear of the tape edges removing the initial jagged edges commonly found 
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     Continued 

 

Fig. 2.3 (a) Measured cupping profiles. Magnetic coating is at the bottom (MP and Tape 

A AME-NC tapes have negative cupping and both Tape A and Tape B AME-PC has 

positive cupping) (b) AFM images of the unworn tapes.  Measured parameters – σ is the  

standard deviation of surface heights, β* is the correlation length (the length over which 

the autocorrelation drops to 0.1 of its original value), P-V is the distance between the 

highest asperity and lowest valley, σs is the standard deviation of summit heights, Rs is 

the mean summit radius, and η is the summit density
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Fig. 2.3 continued 
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in AME media.  With positively cupped media the edges are in direct contact with the 

surface of the head, resulting in a pinning of the tape to the bearing and head surfaces.  

This results in a lower LTM value.  The LTM P-P amplitude of the AME-NC media on 

the other hand was higher than the other two.  To verify that this higher value was in fact 

LTM and not just the contour of the slit tape, the tape was loaded onto a similar deck 

equipped to implement the dual photonic edge probe method of LTM collection.  Using 

this method, both the top and bottom edges of the tape are monitored.  The power 

spectrum density (PSD) and the coherence of the values captured by the data acquisition 

card are then calculated using a program described by Hansen and Bhushan (2004) using 

Matlab version 6.5.  Examining the PSD plots of both the top and bottom edge, you can 

identify at what frequency the main LTM values are occurring.  This frequency on the 

coherence estimates corresponds to a coherence of almost unity that would mean at this 

frequency the peak-to-peak amplitude recorded was true LTM.  These graphs are shown 

in Fig. 2.4 (b).    From these plots, it appears that the main source of LTM using this deck 

setup occurs around 28 Hz.  Figure 2.4(c) shows calculated rotational frequencies of the 

Supply and Take-Up reels.  Comparison with the PSD plots in Fig. 2.4 (d) shows that 

LTM was contained almost entirely at the reel rotational frequency.  As found by Hansen 

and Bhushan (2004), the tape reels apparently induce a large amount of LTM, but the 

guides and head act to dampen this motion. 

The increased value of LTM P-P amplitude for the AME-NC tape is because of 

the nature of negatively cupped tape.  Because the edges of the tape are cupped out away 

from the surfaces, when the tape transfers from one bearing to another or from a bearing 

to the head, the initial contact area between the tape and the new surface is low.  This  
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(a) 

Continued 

 

 

Fig. 2.4 (a) Average values of coefficient of friction and LTM P-P amplitude for the four 

tapes over 5000 cycles (b) Results of the dual probe method of LTM collection for the 

Tape A AME-NC sample showing the P-P amplitude, power spectrum density plot, and 

coherence estimates (c) Variation of reel frequencies with tape speed and position (fwd. 

pass) (d) Power spectrum density of LTM signals from the four tape samples using a 

single-edge probe 
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Fig. 2.4 continued 

 

(b) 

Continued 
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Fig. 2.4 continued 

 

 

(c) 

 

(d) 
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contact area is free of tape edge pinning, so is likely to result in larger lateral movement 

of the tape.  This allows negatively cupped tape to transmit lateral movement of the tape 

with minor damping.  For example, consider a LTM creating event such as a popped 

strand occurrence in the tape packs.  This phenomenon occurs when a section of tape 

being wound around the pack hub is wrapped off-center of the tape path and is either 

higher or lower than the surrounding tape layers.   When the drive direction is reversed 

and this section of the tape comes under tension, the adjusted height is quickly corrected 

which causes a LTM event to occur.  With a negatively cupped tape sample this motion is 

able to be transmitted along the tape and past the guides since there is minimal damping 

by tape edge pinning.  This LTM event eventually makes it to the head and past the 

photonic edge probe which records it as LTM.  The reason the negatively cupped MP 

tape does not incur this added LTM is believed to be due to the surface roughness of the 

tape.  As can be seen in Table 2.1, the MP tape is rougher than the AME tape.  The real 

area of contact (surface asperities) acts to grip the new surface leading to a confinement 

of lateral movement of the tape. The roughness of MP tape also increases the coefficient 

of friction which may also reduce LTM. 

Edge quality directly affects LTM values.  Tape optical micrographs of the four 

tape samples before and after 5000 cycles are shown in Fig. 2.5 (a).  The unworn Tape A 

samples had very rough edges on the magnetic coat as well as the backcoat.  As reported 

by Goldade and Bhushan (2005) when the initial web of tape is slit, significant stretching 

of the substrate occurs.  This stretching leads to the generation and propagation of cracks.  

Because of the brittle magnetic layer, AME tapes result in severe cracking of the 

magnetic coating at the edges of the tape.  These cracks result in poor edge quality.   
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Surface roughness parameters of unworn and worn tape samples    

Tape A AME-
NC 

σ 

(nm) 

β
* 

(µm) 
P-V 
(nm) Skewness Kurtosis 

σs 

(nm) 
Rs 
(µm) 

η 
(1/µm

2
) 

Unworn 6.4 0.8 66 3.1 20 6.8 0.42 0.06 

100 cycles 4.7 0.8 43 1.2 7 4.1 0.52 0.79 

1000 cycles 3.7 0.5 37 1.3 7 4.0 0.55 12.00 

5000 cycles 3.3 1.1 24 -0.1 3 2.8 0.76 10.38 

10000 cycles 3.8 0.5 29 0.4 3 3.7 0.63 12.10 

         
Unworn Tape 
A AME-PC 4.1 0.4 58 1.4 10 4.6 0.61 8.95 

                 
Tape A AME-
PC 5k 4.2 0.3 40 0.4 4 4.1 0.72 5.24 

                 

Unworn Tape 
B AME-PC 2.8 0.6 80 4.8 91 6.6 1.17 2.45 

                 
Tape B AME-
PC 5k 2.0 0.7 23 0.2 4 2.1 0.88 6.82 

         

Unworn MP 6.2 1.7 68 0.3 6 6.5 0.40 9.26 

                 

MP 5K 6.1 1.5 103 0.3 11 5.5 0.35 19.80 

 

 

Table 2.1 Surface roughness parameters of unworn and worn tape samples 

 

 

During cycling, many of edge cracks get worn away and result in a reduced 

relative edge contour length.  This can be seen visually in Fig. 2.5 (a) as well as 

graphically in Fig. 2.5 (b).  As seen in Fig. 2.5 (b), for the Tape A AME-NC sample the 

relative edge contour length for the magnetic side improved for both the upper and lower 

tape edges.  The Tape A AME-PC sample resulted in a decrease in edge quality for all 

edges except for the upper edge of the backcoat.  When the positively cupped tapes come 

in contact with the head, the two edges are the dominant areas of contact.  This means  
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(a) 

Continued 

 

Fig. 2.5 (a) Optical micrographs and (b) tape edge statistics of the worn and unworn tape 

samples 
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Fig. 2.5 continued 

 

 

(b) 
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that the entire tension of the tape is felt by the two edges.  This tension forces the edges 

into intimate contact with the head resulting in severe wear of the tape edges.  The fact 

that the Tape B AME-PC sample begins with a low relative edge contour length leads to 

less tape edge wear, which is directly responsible for less debris generation. 

2.3.2 Investigation of failure mechanisms 

To investigate the failure mechanisms of these tapes, the surface of the tapes need 

to be studied.  Because of the dark color of the tape, it was difficult to visually obtain 

evidence of the failure mechanisms.  For this reason the amount and type of debris found 

on the head was studied to indicate what happened at the head-tape-interface during 

cycling.  Head optical micrographs of the four tape samples after 5000 cycles are shown 

in Fig. 2.6 (a).  The MP tape appeared to result in negligible debris on the head indicating 

that very little wear of the MP media occurred.  The Tape A AME-NC media resulted in 

a small amount of stain and debris occurring along the center of the head.  Very little 

debris or stain was present at the area of the read/write elements.  The Tape A AME-PC 

sample resulted in very heavy generation of debris where the edges of the tape were in 

contact with the head, as well as some stain generation at the center of the head.  The 

Tape B AME-PC sample resulted in extremely light stain and debris generation similar to 

that of the MP sample.   

To further investigate the failure mechanisms, a new sample of Tape A AME-NC 

was loaded onto the deck and a 10,000 cycle test was run.  The Tape A AME-NC media 

was chosen to potentially ease the monitoring of developing wear patterns.  Ten thousand 

cycles would be more than most commercial tape cartridges would ever be run and was 

chosen to investigate a potential tape failure period.  The progression of stain and debris 
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generation at the bottom edge of tape location on the head is shown in Fig. 2.6 (b).  After 

1000 cycles stain, in part, from the lubricant removal appears.  After 5000 cycles debris is 

evident at the transverse slots of the head and stain accumulation at the center of the head 

is observed.  After 10,000 cycles a debris pattern is apparent on the head and a significant 

amount of stain can be seen.  It is evident from the surface roughness measurements in 

Table 2.1 that the negatively cupped media sample undergoes more overall wear than 

does the two positively cupped samples.  This is directly related to the greater area of 

contact between the head and the media.  This can be seen, for example, by following the 

pattern of the summit density (η).  The positively cupped values undergo less change 

because contact between the center of the tape and the head is limited. 

The four possible types of wear mechanisms in a linear tape drive are abrasion, 

sliding contact fatigue, oxidative wear, or adhesion of the sample. Abrasive wear occurs 

when the asperities of a hard surface come in contact with a softer surface.  In this case it 

would be caused by the head or guides coming into contact with the media and plastically 

deforming the media by scraping material away.  This would be indicated by plowed 

tracks along the tape sample, which did not occur during this investigation.  Sliding 

contact fatigue involves the repeated cycling contact between two contacting surface 

asperities that leaves one or both of them plastically deformed. Sliding contact fatigue is 

evident by the nucleation and propagation of cracks in the material.  Using optical 

microscopy in this study, no significant propagation of cracks was evident.   Oxidative 

wear occurs when sliding takes place in a corrosive medium, in this case oxygen.  This 

wear mechanism involves sliding in high temperature and high humidity situations. It 

was ruled out for the dominant wear mechanisms.  This leaves adhesion of the sample.   
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(a) 

Continued 

 

Fig. 2.6 (a) Optical micrographs of the head contamination after 5000 cycles of each tape 

sample (b) Optical micrographs of head showing the contamination of the region of head 

in contact with the bottom edge of the Tape A AME-NC sample over 10,000 cycles 
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Fig. 2.6 continued 

 

 

(b) 
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Adhesion involves two flat bodies in sliding contact where bonding occurs at the asperity 

contacts.  These bonded contacts are sheared by the sliding and result in the transfer of 

material from one surface to another.  Evidence of adhesion involves areas of missing 

material on the sample or in this case, the collection of debris on the head.  Combining 

the stain and debris generation development and the surface roughness data indicates that 

the dominant failure mechanism of the Tape A AME-NC media was adhesion along the 

middle of the tape, first wearing off the lubricant which could result in stain generation 

followed by wearing of the tape edges and DLC layer leading to debris generation. The 

wear mechanism of the positively cupped tapes was similar to that of the negatively 

cupped except that the wear was very isolated.   

 

2.4. Conclusions 

This study investigated the durability and failure mechanisms of AME tapes.  

Three different formulations of AME tape were used.  The effects of tape cupping and 

tape relative edge contour length on wear of these tapes were evaluated.  It was found 

that AME tapes have a slightly lower coefficient of friction value than MP tapes.  The 

peak-to-peak amplitudes of LTM for the MP, Tape A and Tape B AME-PC samples were 

less than the Tape A AME-NC.  It was found that positively cupped tapes result in lower 

LTM because of the effect of tape edge pinning.  The major source of LTM in the system 

coincided with the reel frequency. 

The amount of wear present on the head was closely related to the cupping of the 

tape and initial condition of the tape edges.  If the tension of the tape is spread over a 
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larger surface on the head (negative cupping) it results in a reduced amount of debris 

generation. This debris however, can be found throughout the head including the thin 

film region.  This could lead to increased head-to-tape spacing and possibly signal loss.  

When the condition of the edges is poor and the edges are in direct contact with the head 

(positive cupping) a large amount of isolated debris is formed, which will affect drive 

performance.  If the initial condition of the tape edges is good, there is a less detrimental 

affect of the positive cupping on debris generation.  

The mechanism of failure for AME tape appears to be adhesion.  During cycling, 

areas of sample material are removed and transferred to the head or worn away.  At some 

time during cycling, the lubricant layer is worn away exposing the DLC overcoat.  The 

wear of the sample material continues and results in debris formation.  Tape failure is 

expected to coincide with a significant change in the coefficient of friction.  This change 

never occurred during the investigation of the four tape samples, which indicates that no 

sample reached a critical level of failure up to 5000 cycles.   

In terms of tape cupping, it is recommended that positively cupped AME tapes 

with good initial tape edge quality should be chosen as the optimal tape for linear tape 

drives similar to that used in this study.  From a tribological standpoint, of the three AME 

tapes investigated, AME tapes similar to Tape B are recommended for use in data storage 

drives.  
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CHAPTER 3 

 

MAGNETIC EVALUATION OF ADVANCED METAL EVAPORATED TAPE IN 

AN ADVANCED LINEAR TAPE DRIVE 

 

 

 

3.1. Motivation 

Developing products with improved magnetic and tribological properties is an 

ongoing process (Bhushan, 1996, 2000, Bhushan and Patton, 1998, Kawana et al., 1995).  

Future magnetic tapes for linear tape drives currently under development can be 

fundamentally different from MP tape. One way to achieve the coercivity and high 

remanent magnetization needed for increased storage capacity is for tape manufacturers 

to develop “thin-film” metallic magnetic layers. Thin-film tapes, such as AME tape, have 

a vacuum deposited continuous film of magnetic grains deposited on the tape substrate, 

unlike MP tape, which has discrete magnetic particles dispersed in a polymer matrix 

along with lubricant and certain head cleaning agents (HCAs) (Bhushan, 1996).   

Previously, it has been reported that AME tape has a higher magnetic moment and 

output signal than MP tape, but its durability has been a concern (Bhushan and Patton, 

1998, Topoleski and Bhushan, 2001, Osaki et al., 1993, Patton and Bhushan 1997a, 

1997b). Ongoing improvement to AME tape has greatly enhanced the durability of AME 

tapes and recent studies have shown that positively cupped AME tapes with good initial 

edge condition will result in durability similar to that of current MP tapes at low tension 

(Alfano and Bhushan, 2006a).  To determine if AME tape can be implemented in linear 
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tape drives, a magnetic evaluation of the current AME tapes involving the impact of 

cupping orientation and initial tape edge condition is necessary. 

Lateral tape motion, or LTM, has become one of the critical limitations of 

magnetic performance.  As magnetic tape systems progress, the track density of the tapes 

continue to increase.  An increase in track density requires reduced lateral movement of 

the tape in the transport and greater straightness at the tape edges where the tape is guided 

in the drive.  For example, track densities in LTO Generation 1 are around 30 tracks/mm 

which corresponds to approximately 27.5 µm of track width and the data is written at a 

frequency of 3.9 MHz.  The error between the read/write element and a previously 

written track should not exceed 2.75 µm or around 10 % of the track width.  In order to 

reduce this error, track following systems have been implemented.  These systems can 

actively follow the lateral motion of the tape below 1 kHz (Richards and Sharrock, 1998).   

In drive development, LTM is monitored for a given interface.  If the LTM data is 

highly repeatable i.e., yielding similar values over many cycles, this LTM is believed to 

be caused by the repeated effect of the tape edge irregularities.  Any data that is not 

repeatable, or outside these values, is associated with an impact with the tape edge or any 

other true LTM causing event.  The complexity of the tape path of modern drives 

introduces the potential for numerous types of true LTM causing events.  For example a 

popped strand occurs when a section of tape being wound around the pack hub is 

wrapped off-center of the tape path and is either higher or lower than the surrounding 

tape layers.   When the drive direction is reversed and this section of the tape comes 

under tension, the adjusted height is quickly corrected, which causes an LTM event to 
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occur.  An event like this could cause track misregistration, which would result in signal 

degradation or loss.  This is why true LTM is of great concern.   

Current methods of monitoring LTM during drive development are somewhat 

inadequate and misleading.  The primary method to which LTM is being measured is 

with non-contact optical (Fotonic) edge probes.  Goldade and Bhushan (2003) and Wang 

et al. (2003) have reported a methodology using these edge probes to acquire average 

peak-to-peak LTM values over the test duration.  The edge probe is positioned over the 

tape edge.  Light from the light source is reflected by a 90-degree prism to another 90-

degree prism and finally reaches a photodiode (light receiver).  The Fotonic sensor 

converts the photodiode signal, which is proportional to the light intensity, into the output 

units (volts or microns).  If the light path is not obstructed by the tape edge the output of 

the Fotonic sensor is 100 percent.  The output decreases as the tape moves upward into 

the gap between the prisms and vanishes to zero when no light reaches the photodiode.  

The amount of light being blocked correlates to the physical lateral location of the tape 

edge, or LTMP.  The average peak-to-peak LTMP value is obtained by averaging peak-to-

peak values over forward and reverse passes when processing the data.   

Figure 3.1 illustrates the critical limitation of this method. The issue is that this 

peak-to-peak LTMP value incorporates both motion that is caused by any impacts with 

the tape edge, as well as, variation in the physical location due to the initial quality of the 

slit tape.  It has been previously reported that imperfections of the factory-slit tapes often 

occur and can cause an apparent increase in peak-to-peak LTM values (Goldade and 

Bhushan, 2004).  The process of slitting can leave the tape edges cracked and jagged.   
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Fig. 3.1 Schematic illustrating the different components of LTM and their contribution to 

total LTM peak-to-peak amplitude. 

 

 

 

The width of the slit tape, therefore, can never be truly constant, though the center 

of tape may remain in the same lateral position.  This leads to a large component of 

Fotonic probe LTM data corresponding to tape width variations.  Figure 3.1 shows the 

theoretical contribution of the different LTM sources compared to what is actually seen at 

the head.  The actual contribution of true LTM to the LTM peak-to-peak amplitude 

measured using the Fotonic probe is hidden below the effects of tape edge irregularities.  

For these reasons a new method for monitoring LTM based on magnetic head output 
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(LTMM) was introduced by Alfano and Bhushan (2006b) and is implemented in this 

study. 

A magnetic evaluation of current AME media is necessary to determine the 

appropriateness of its use in data storage drives. The magnetic evaluation presented 

represents the investigation of the effects of tape cupping and initial tape edge condition 

on AME magnetic performance.  Tests were also performed on MP tape to be used for 

comparison. 

  

3.2 Experimental 

3.2.1 Tape transport and test procedure 

Drive tests were conducted in a class 10,000 laboratory environment (22 ± 1 °C; 

relative humidity 45 ± 5 percent) using the Segway Systems / Mountain Engineering 

MTS linear tape transport with horizontal tape path, shown schematically in Fig. 3.2.  

Tape guides are single-flanged and tapered at a slight angle to force the lower edge of the 

tape to ride along the flange. The head mount is designed such that the head zenith angle 

is the same as the guide taper angle. Each guide is a porous air bearing consisting of 

housing, porous ceramic bearing material, lower flange, and outriggers. The housing and 

the bearing member form a plenum connected to an air pump such that airflow through 

the porous material creates an air cushion that supports the tape. The outriggers at each 

side of the guide provide cleaning action to the tape.  
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Fig. 3.2 Schematic diagram of the Segway Systems/Mountain Engineering MTS linear 

tape transport with porous air bearings and single-flanged tapered guides 



  - 38 - 

 Tape tension is monitored on both sides of the head by measuring air pressure in 

the gap between the tape and the bearing member by means of pressure transducers that 

are mounted in the two guides bracketing the head. The drive controller monitors the 

pressure transducer signals and angular velocities of the tape reels and maintains constant 

tension and linear tape speed during a pass. The controller is connected to a PC that 

allows the operator to program certain drive parameters. 

Up to 600 m of 9 µm-thick tape can be loaded onto the tape reel, and the drive can be 

programmed to run for a specific number of cycles, with practically any pass length, at 

tape speeds between 2 and 12 m/s and tensions between 0.25 and 1.2 N.  All tests in this 

study were performed at 6 m/s and 0.5 N.  At the beginning of each test a new piece of 

tape was loaded into the transport with a cleaned head.  Pass length was set at 30 m with 

one forward and one reverse pass equal to one 60-m cycle. Initially, and after every 900 

cycles, a set of 100 cycles was run where head output, dropouts, and LTMM were 

recorded.  Each tape was allowed to run for a combined 5000 cycles.  Coefficient of 

friction was recording during all 5000 passes and was used as a metric. 

3.2.2. Head and tape samples 

Figure 3.3 (a) is a schematic of the commercial Seagate LTO (Generation 1) head 

used in this study. It is an inductive write/magnetoresistive (MR) read head with Al2O3-

TiC substrate, 80/20 Ni-Fe MR stripe, CZT shields and poles, and Al2O3 overcoat, 

undercoat, and gap material. The MR stripe, shields and poles, and overcoat, undercoat, 

and gap material are sputter deposited on the substrate. The head is vertically symmetric 

about the glue line, so only half of the head is shown in Fig. 3.3 (a).  The crosshatched 

areas in the head schematic (not including the blow-up of the thin-film region) are raised 



  - 39 - 

surfaces and areas without crosshatching are transverse slots. The outermost raised 

surfaces are outriggers, designed to remove loose debris from the tape before passing 

over the poles. The slots are designed to allow air to bleed away from the interface and 

also serve to capture some loose debris that passes through the interface. The head has 

eight read/write channels, numbered zero through seven, two servo channels above the 

read/write channels, and two servo channels below the read/write channels. For each 

read/write channel there are two thin-film regions (one on either side of the head), giving 

the head read-while-write capability. The write elements were 27 µm in height and the 

read elements 12 µm.  The head and head mount were actuated by a Faulhaber 

1524E012SR coreless DC stepper motor along with a Faulhaber MVP 2001 motor 

controller. 

Figure 3.3 (b) is a schematic of the cross-sections of MP and a generic AME tape. 

The MP tape is commercial, 12.7 mm-wide Ultrium tape. It is a dual-layer metal particle 

tape with magnetic layer and backcoat thicknesses of 0.25 µm and 0.5 µm, respectively, a 

substrate thickness of about 6.5 µm, and an overall thickness of 9 µm. The magnetic layer 

contains needle-shaped, passivated iron magnetic particles and HCAs dispersed in a 

polymer formulation of binder and fatty acid ester lubricants. The magnetic particles are 

typically 0.1-0.2 µm in length and have an aspect ratio of five to ten. The HCAs are 

generally 0.2-0.3 µm-diameter Al2O3 particles and conductive carbon particles, added to 

improve friction wear properties and electrical conductivity.  
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Fig. 3.3 (a) Schematic drawing of one half of the Seagate LTM head (symmetric about 

the glue line) with detailed schematic view and optical micrograph of the thin-film region 

(b) Cross-section schematic showing the structure of MP and generic AME tapes sample, 

which will be referred to as Tape B.  This sample also had layers of DLC and lubricant of 

unknown thicknesses.   
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The three AME tapes used in this study were 12.7 mm wide, with a dual-layer 

magnetic coating designed for use in a linear tape drive.  The overall tape thickness of 

these tapes is about 8.6 µm. Two of the AME samples are experimental formulations 

with different cupping orientations.  These samples will be henceforth referred to as Tape 

A samples.  The frontcoat of these tapes consists of the dual magnetic layer (180 nm 

thick) of evaporated Co-O, over which is a 12 nm thick DLC coating, over which is a 5 

nm-thick liquid lubricant layer. DLC is a hard coating used to protect the magnetic 

coating against corrosion and wear. The lubricant enhances the durability of the DLC and 

magnetic coatings by reducing friction at the head-tape interface. The lubricant 

commonly used consists of an overcoat of fatty acid esters on a perfluoropolyether 

(PFPE) coating.  The third AME sample is an experimental positively cupped sample, 

which will be referred to as Tape B.  This sample also had layers of DLC and lubricant of 

unknown thicknesses.   

3.2.3. Measurement techniques 

In preparation for edge quality measurements, samples were cut into 30 mm strips 

and mounted on glass microscope slides with double-sided adhesive tape.  Optical images 

were obtained with an optical microscope in the brightfield mode with a white light 

source. Gray-scale images (640 × 480 pixels) were captured with a CCD camera at a 

resolution of 0.175 µm per pixel and saved on a PC.  

Edge quality measurements were performed using the methodology developed by 

Topeleski and Bhushan (2001) and Goldade and Bhushan (2003, 2004).  Relative edge 

contour length is used as a measure of edge quality.  The tape edge appears in the optical 

micrographs as a line of pixels of varying opacity.  Adding power to the light source of 
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the microscope overexposes the image, leaving behind the tape edge.  With the use of 

image analysis software, the edge contour is outlined and the number of pixels 

constituting the edge is calculated.  The total number of pixels for each edge is divided by 

the number of pixels for a perfectly straight line to obtain relative edge contour length.  

Each relative edge contour length reported is the average of 10 measurements.  

Micrographs of the four unworn tape samples along with their corresponding edge 

contours are shown in Fig 3.4 (a). A plot of the magnitudes of the relative edge contour 

length is presented in Fig 3.4 (b). 

Cupping measurements of unworn tapes were made using an optical microscope 

(OPTIPHOT-2, Nikon Corporation, Tokyo, Japan) following the technique developed by 

Scott and Bhushan (2003).  Prior to measurements, 1 m-long tape strips were conditioned 

for 24 hours at ambient conditions by hanging them such that both frontcoat and backcoat 

were exposed to the test environment. The unworn MP tape used in this study has 

negative cupping equal to about 1 mm at its greatest. One of the unworn Tape A samples 

used in this study has positive cupping equal to about 0.1 mm at its greatest. The other 

unworn Tape A AME sample has negative cupping equal to about 0.6 mm at its greatest.  

The Tape B sample was positively cupped to about 0.7mm.  Unworn and worn tape 

cupping plots are shown in Fig. 3.5 (a). 

AFM (Dimension 3100 from Digital Instruments, Santa Barbara, CA) was used to 

measure surface roughness parameters. Images were acquired in contact mode with a 

Si3N4 tip (square pyramid with a half-angle of 35º) that has a nominal tip radius of 30-50 

nm. Scan size was 10 µm
2
, scan rate was 1 line per second, and resolution was 512 

samples per line.  Surface roughness parameters were calculated using the program  
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Fig. 3.4 (a) Optical micrographs and (b) Tape edge statistics of the unworn tape samples
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described in Bhushan and Mokashi (2001).  This program allows for evaluation of 

surface parameters such as the standard deviation of surface heights (σ), skewness, 

kurtosis, peak-to-valley distance (P-V), and summit parameters such as standard 

deviation of summit heights (σs), mean summit radius (Rs), and summit density (η).  All 

values presented are the average of five measurements.  AFM images of the unworn tape 

samples and their corresponding surface roughness parameters are shown in Fig. 3.5 (b). 

During the study the coefficient of friction is calculated from the drive tension 

signals using the belt equation and captured by the data acquisition software (NI-6023E, 

National Instruments, Austin, TX) with a sampling rate of 1000 Hz.  The data acquisition 

was controlled by Snap-Master V3.5 data acquisition software (HEM Data Corp., 

Southfield, MI).   

An LTM value based on the magnetic readback signal (LTMM) developed by 

Alfano and Bhushan (2006a) was implemented in this study.  In this method a 200 kbpi 

sine wave was written at 6 m/s resulting in an 8 MHz signal being written to the tape 

using only read/write channel zero.  The read signal was then amplified internally with a 

47 dB gain factor and filtered using a band pass series RLC circuit tuned to 8 MHz to 

eliminate noise.  This AC signal was then converted to a DC RMS voltage using an HP 

400EL voltmeter and was then recorded by the data acquisition software at 1000 samples 

per second. 

During the experiments, once the signal had been written to the tape, the head 

location was optimized using the stepper motor until the read element produced a 

maximum value.  This optimization is necessary to counteract any head misalignment 

issues.  When amplified, this resulted in a 0.65 V signal output.  This voltage coincided   
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     Continued 

 

Fig. 3.5 (a) Measured cupping profiles. Magnetic coating is at the bottom (MP and Tape 

A AME-NC tapes have negative cupping and both Tape A and Tape B AME-PC has 

positive cupping) (b) AFM images of the unworn tapes.  Measured parameters – σ is the  

standard deviation of surface heights, β* is the correlation length (the length over which 

the autocorrelation drops to 0.1 of its original value), P-V is the distance between the 

highest asperity and lowest valley, σs is the standard deviation of summit heights, Rs is 

the mean summit radius, and η is the summit density
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Fig. 3.5 continued 
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with the 12 µm read element being completely inside the 27 µm written track.  The head 

was then adjusted so the read channel read approximately 0 V.  This coincided with the 

12 µm read element being completely outside the 27 µm written track.  The head was 

once again adjusted so the read element gave an output of 0.325 V, which lies in the 

linear region of the MR read element calibration curve.  This would indicate that the read 

head was placed halfway on the written track and halfway off of the track.  This left 6 µm 

of read element on and off the written track.  A schematic of this MR reader placement is 

shown in Fig 3.6 (a).  In order to report the output voltage as displacement in microns, a 

conversion factor was necessary.  This conversion factor can be readily obtained if the 

plot of output voltage versus displacement is linear. 

To determine if the MR read elements would respond linearly to displacement, a 

calibration was conducted.  For this calibration, the head stepper motor was replaced by a 

Mitutoyo micrometer with 0.1 µm resolution. This micrometer was used to obtain higher 

resolution movements.  To be consistent with experimental procedure, the head was 

placed initially so the read element produced a maximum value.  This value was 

approximately 0.65 Volts.  From this position, the head was displaced in 0.1 µm 

increments and the average voltage output per forward pass from each position was 

recorded. In order to determine that the output voltage corresponded to the reading of the 

written track an HP 8568B Spectrum Analyzer was used. Before each data point was 

recorded, it was determined that the 8 MHz signal was still greater than the current noise 

floor.  Once the signal was below the noise floor, no further data was taken. 

Plotting the voltage per displacement data produced a calibration curve.  This 

curve is seen in Fig. 3.6 (b).  Evident from this curve is that a linear region exists between 
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Fig. 3.6 (a) Schematic indicating the LTMM read element placement (b) Calibration curve 

for the Seagate MR reader
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voltages greater than and less than approximately 0.05 V and 0.6 V respectively.  This 

calibration was repeated four times to determine if the results were repeatable.  Each of 

the four trials resulted in similar findings.  The average slope of the linear portion of the 

four calibration curves was used to obtain the conversion factor.  The resulting 

conversion factor was 6.05 microns/volt.  Applying this conversion factor yielded LTMM 

data.  This LTMM data corresponds to LTM that would be seen by the MR reader during 

drive operation.  LTM at this critical region is therefore considered true LTM. 

A second 8 MHz sine wave was written and read using channel six (the other end 

of the head), which was far enough away from the first signal as to not read it.  The 

output from this signal was split with one end going to the DAQ system to monitor head 

output and the other leading to the dropout tester.  The number and magnitude of 

dropouts was measured with the Doradus 20 dropout tester.  Twenty classes of dropouts 

are defined by the amplitude of signal loss and the duration of signal loss.  Dropout depth 

and duration are selectable in the ranges of 1-22 dB in 0.5 dB increments and 0.5-300 µs 

in 0.5 µs increments.  Dropout parameters used in this study were: >4-6, >6-9, >9-12, and 

>12 dB; >0.5-1, >1-5, >5-10, >10-25, and >25 µs.  The number of dropouts was counted 

during each forward pass.   

 

3.3. Results and discussion 

AME and MP tapes were run against a Seagate LTO head in a linear tape drive at 

6 m/s and 0.5 N tension. Initially, and after every 900 cycles, a set of 100 cycles was run 

where head output, dropouts, and LTMM were recorded.  Each tape was allowed to run 
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for a combined 5000 cycles.  Coefficient of friction was recording during all 5000 passes 

and was used as a metric.    

3.3.1 Head output 

The resulting head output for the four tapes is found in the first row of Fig. 3.7.  

Here it can be seen that both positively cupped tapes resulted in an increased head output 

of approximately 0.4 dB similar to that of the MP tape.  This similarity is due to the 

double-coating technology introduced for MP tapes which produce comparable output 

levels to that of AME tapes (Lalbahadoersing et al., 1997).  The recorded increase in head 

output would correspond to a polishing of the tape surface for the positively cupped AME 

tapes and the MP tape by reducing surface asperities.  This decreases head-to-tape 

spacing, which increases signal strength.  The negatively cupped AME sample also 

resulted in an increase in head output, but to a smaller degree.  The AME-NC Tape A 

sample also underwent surface polishing, but the effects were offset by head 

contamination caused from debris build up.  It was shown by Alfano and Bhushan 

(2006a) that AME Tape A resulted in the accumulation of significant debris across the 

head including the critical thin-film region of the head.  This can be seen in Fig. 3.8.  This 

accumulation will result in signal degradation.  The positively cupped AME samples, 

however, resulted in only slight debris generation in the thin-film region while a majority 

of the debris was found near the edges, thus having a smaller effect on signal strength. 

3.3.2 Dropouts 

The Doradus 20 dropout tester can measure twenty classes of dropouts defined by ranges 

of signal loss magnitude and duration.  Dropouts were counted in every class with the  
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Fig. 3.7 Head output, number of dropouts per cycle, LTMM amplitude, and coefficient of 

friction versus number of cycles for the MP and three AME tapes. 



  - 52 - 

 

 

 

Fig. 3.8 Optical micrographs of the head contamination after 5000 cycles of each tape 

sample
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majority of counts in the >4-6 and 0.5-1 µs.  Summing across the range of classes and 

plotting the logarithm of resulting number per pass was used to create the plots shown in 

the second row of Fig. 3.7.  Both positively cupped AME samples and the MP sample 

resulted in slightly reduced dropouts over 5000 cycles.  This would be consistent with 

their corresponding increase in head output since the dropout tester is not only 

monitoring signal quality, but also signal magnitude.  The negatively cupped AME 

sample resulted in increased dropouts which is consistent with the build up of debris over 

the thin-film region degrading signal quality. 

3.3.3 LTMM 

  The resulting magnitudes of LTMM for the four tape samples can be found in the 

third row of Fig. 3.7.  It was found that all four tapes resulted in similar values of LTMM 

with no evident trend in the data.  The absence of a trend would be appropriate since any 

true LTM would be a random occurrence.  This LTMM data was obtained by monitoring 

a signal written in the middle of the tape.  By monitoring LTMM in the middle of the tape, 

some effects from contact with the edges might not be seen.  To investigate this, a second 

round of testing was done where LTMM was recorded near the bottom edge of the tape 

for 100 cycles.  To accomplish this, a signal was once again written, detuned to half 

amplitude, and then recorded.  A schematic of track placement can be seen in Fig. 3.9 (a).  

The near bottom edge of tape position was not truly at the bottom of the tape as this was 

not possible.  Recalling Fig. 3.3 (a), there are two servo readers between channel 0 and 

the top of the head.  Because the tape is run against the head, to move the head so the 

channel 0 read element was actually on the edge of the tape would leave the opposite 

edge of the tape unsupported.   
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 The results of these tests are found in Fig. 3.9 (b).  Monitoring LTMM near the 

bottom edge of tape resulted in little change for MP and AME-NC Tape A.  This can be 

explained by their cupping orientation as shown in right side of Fig. 3.9 (c).  Since both 

tape samples are negatively cupped, this leaves a majority of the tape in constant contact 

with the head except for where the two edges curl away from the head.  If some impact of 

the tape occurred such as a flange hit, the same amount of lateral movement would be 

seen no matter where the signal is being monitored.   Previous data from Alfano and 

Bhushan (2006a) reported that AME-NC Tape A resulted in values of LTMP peak-to-

peak amplitude four times that of either the positively cupped AME tapes or the MP tape 

sample.  With the use of the new LTMM method it was determined that this elevated 

lateral movement is a result of the original method and is not actually seen throughout the 

tape.  The previous data was obtained using a Fotonic probe (LTMP).  Since the edges of 

the negatively cupped AME-NC Tape A were unconstrained, movement is likely and 

would be recorded as lateral movement, though the tape could remain still where it is in 

contact with the head.  The reason this was not seen in the MP tape can be explained by 

recalling the cupping profiles of the tapes.  By comparing unworn and worn cupping 

profiles in Fig. 3.5 (a), it can be seen that the AME-NC Tape A dramatically decreased in 

cupping magnitude over 5000, cycles which would indicate the tape was not very rigid.  

This was unlike the MP tape which did not change over 5000 cycles indicating a very 

rigid tape.   

For the positively cupped AME samples, both showed a large increase when 

monitoring LTMM at the bottom edge of the tape versus the middle.  This can be  
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Fig. 3.9 (a) Schematic indication the two LTMM track placements (b) Results of the 

investigion of LTMM track placement on LTMM for the four tapes (c) Schematic 

demonstrating the difference cupping orientation has on “near bottom edge of tape 

position” LTMM values
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explained in part by the left side of Fig. 3.9 (c).  Alfano and Bhushan (2006a) reported 

that positively cupped tape samples produce a pinning effect of the tape to the guides.  

Since the tape is predominantly in contact with the head at only two points, this acts to 

anchor the tape in this position pinning it in place.  When a positively cupped sample 

encounters an impact such as a flange hit, the tape will distort instead of shift up.  This 

distortion could cause a change in the head-to-tape spacing causing a change in output 

voltage which is recorded using this method as LTMM.  It has been verified in this study 

that the positively cupped tape samples continue to be positively cupped under low 

tension, though to a lesser degree than with no tension. This was determined by adapting 

the cupping measurement technique discussed earlier by placing the tape samples in 

contact with a head and under 0.5 N tape tensions.   

The fact that AME-PC Tape A resulted in a higher value than did AME-PC Tape 

B is due to the difference in relative edge contour length of the two samples.  As seen in 

Fig. 3.4 (b), AME-PC Tape A had a higher relative edge contour length than AME-PC 

Tape B.  Since positively cupped tapes effectively ride on their two edges, a rougher edge 

would correspond with more frequent head-to-tape spacing changes than a smoother 

edge. 

3.3.4 Coefficient of friction 

The bottom row of Fig. 3.7 shows that the friction force increased over the 

duration of testing for the MP tape sample but remained roughly constant for the AME 

tapes.  The cause of this is that asperities are burnished from the MP tape increasing the 

real area of contact (Goldade and Bhushan, 2003). 

 



  - 57 - 

3.4. Conclusions 

This study investigated the magnetic performance of AME tapes.  Three different 

formulations of AME tape were used.  The effects of tape cupping and tape relative edge 

contour length on the magnetics of these tapes were evaluated.  From this investigation, 

positively cupped AME tapes with good initial relative edge contour length are 

recommended for use in linear tape drives similar to that used in this study. Detailed 

conclusions follow. 

 Head output increased roughly the same for the MP sample and both positively 

cupped AME samples.  This was due to a polishing of the tape, which resulted in reduced 

head-to-tape spacing, thereby increasing signal strength.  The negatively cupped AME 

sample also resulted in an increase in head output, but to a lesser extent.  This is believed 

to be due to the fact that while the AME-NC Tape A also underwent polishing, the effects 

were offset due to the simultaneous formation of stain and debris at the thin-film region 

of the head which would result in signal degradation. 

 MP and both positively cupped AME tapes resulted in decreased number of 

dropouts over 5000 cycles which would correspond to an increase in signal strength.  The 

negatively cupped AME sample resulted in an increase in the number of dropouts due to 

the accumulation of stain and debris at the thin-film region of the head. 

 As track widths continue to narrow, lateral tape motion (LTM) has become one of 

the critical limitations of magnetic performance. To more accurately measure LTM during 

drive development, a new method involving the output voltage of a head read element that 

has been adjusted to be halfway off the recorded track on tape was implemented, (LTMM).  

All four tape samples investigated reported similarly low values of LTMM.  An 
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experiment to understand the effects of track placement on LTMM concluded that 

regardless of where you monitor LTMM on negatively cupped samples it will result in 

similar values.  The positively cupped AME samples resulted in higher LTMM at the 

edges due to tape distortion-related changes in head-to-tape spacing due to pinning, as 

well as the fact that positively cupped samples are guided by their two edges.  This 

results in any roughness of the edges being translated into movement of the tape. 

 Coefficient of friction remained constant for all three AME samples and increased 

for the MP sample.  The increase in the MP sample was due to burnishing of tape 

asperities leading to an increase in real area of contact.   
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CHAPTER 4 

 

SUMMARY 

 

 

 

Demand for increased data storage has resulted in the development of various types 

of magnetic tape.  To achieve higher recording density, tape manufacturers are developing 

thin-film tapes, such as advanced metal evaporated (AME) tape, for use in linear tape 

drives.  

The structure of AME tape is fundamentally different from metal particulate (MP) 

tape.  For this reason, the methods and mechanisms associated with failure of AME tapes 

has been investigated including the effect of tape cupping and initial edge quality.  It is 

shown that AME tape exhibits a slightly lower coefficient of friction than the MP.  The 

negatively cupped AME tape demonstrated a greater value of lateral tape motion peak-to-

peak amplitude than both of the positively cupped AME samples as well as the MP tape 

sample.  It was found that poor initial tape edge condition plays a large role in debris 

generation.  The dominant mechanism of failure for the AME samples is adhesive wear 

resulting in removal of the DLC overcoats and sub layers.  These new AME tapes have 

demonstrated sustainable mechanical durability at low tensions suitable for use in linear 

tape drives.   

An evaluation of the magnetic performance of these AME tapes including the 

impact of tape cupping and initial edge quality has been completed.  Head output, dropouts, 

head-tape interface friction and lateral tape motion were monitored throughout testing.  As 
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track widths continue to narrow, lateral tape motion (LTM) has become one of the critical 

limitations of magnetic performance.  To more accurately measure LTM during drive 

development, a new method involving the output voltage of a head read element that has 

been adjusted to be halfway off the recorded track on tape was implemented, (LTMM).  It is 

shown that positively cupped AME tapes will result in similar head output and fewer 

dropouts than the current MP tapes.  The negatively cupped AME sample produced the 

lowest head output data and the highest amount of dropouts of all the tapes evaluated in this 

investigation.  All the tapes evaluated demonstrated similar values of lateral tape motion 

when monitored at the center of the tape.  When lateral tape motion was monitored at the 

lower edge of the tape, the positively cupped AME tape with the worst relative edge 

contour length resulted in the highest LTMM.  As found in previous studies, AME tapes 

produced slightly lower values of coefficient of friction than the MP tapes.  From this 

investigation, positively cupped AME tapes with good initial relative edge contour length 

are recommended for use in linear tape drives similar to that used in this study.  
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