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Abstract 
Alumina titanium-carbide (Al2O3-TiC) or simply AlTiC substrates were widely used in the magnetic 

recording industry for their superior mechanical and tribological properties. This study investigated 
the effect of AlTiC substrate crystal structure, chemical bonding and grain size in slider fix abrasive 
lapping tribology. Two types of AlTiC substrates, Type-A AlTiC and Type-B AlTiC equipped with 
an electro lapping guide (ELG), fully functional reader and writer devices were used in the study. The 
type-B lower material removal rate resulting to rougher surface finish was mainly due weakening caused 
by the titanium oxycarbide phase, which was the dominant factor, outweighing the minimal contribution 
from grain-boundary strengthening (Hall-Petch effect). Furthermore, the grain size investigated in this 
study was between 420 nm to 670 nm, making it far too large for the inverse Hall–Petch effect which 
involves softening at exceedingly small grain sizes typically below 100nm to be a relevant mechanism. 
The findings also highlight the importance of lapping parameters optimization to balance material 
removal rate (process productivity and efficiency) and surface finish (magnetic head reliability and 
areal density performance). 

 
 

1. Introduction 
 
The Magnetic Hard Disk Drive (HDD) remains a cornerstone 

of modern computing. It functions as a primary storage device by 
reading and writing magnetic binary bits onto a high-speed spinning 
disk, known as a platter. The core of HDD performance lies in the 
read-write head assembly, or slider. The core of HDD performance 
lies in the read-write head assembly, or slider. This tiny structure 
"flies" just nanometers above the media platter. During operation, 
the slider performs two critical functions: it transforms the platter's 
magnetic field into an electrical signal (data reading) and converts 
an electrical current into a magnetic field (data writing) to achieve 
high-speed data access. The structure of slider consists of multilayers 
of thin film materials, which is well-designed and grown on aluminum 
oxide and titanium carbide (Al2O3-TiC), known for industry as: 
“AlTiC” substrate. Over the years, the data storage industry has been 
continuously expanding. As the industry pushes for higher areal density 
(storage capacity), the physical gap between the head and the media 
must continue to shrink[1]. Currently, this separation is a mere few 
nanometers, necessitating absolute control over the surface topography 
of both the slider and the disk. 

The AlTiC is a two-phased composite material consisting of 
alumina (Al2O3) and titanium carbide (TiC). The substrate material 

is critical as it influences the tribology of the head/disk interface 
and the manufacturing process of the magnetic head. Alumina forms 
the continuous ceramic matrix, which is the insulating and load-
bearing backbone of the material. It provides high hardness, chemical 
stability, and excellent electrical insulation and dielectric properties. 
Titanium Carbide particles are dispersed uniformly throughout the 
alumina matrix. It is extremely hard and, crucially, electrically 
conductive. It also contributes significantly to the overall fracture 
toughness and wear resistance of the composite.  

The desired AlTiC grain size and microstructure were achieved 
by varying the conditions in hot pressing (HP) [2,3] and hot isostatic 
pressing (HIP) processes [3]. The hot pressing involves applying heat 
and uniaxial pressure (from a single direction) to a material, typically 
a powder, placed in a die. The combination of heat and pressure causes 
the particles to rearrange, deform, and bond together. While HP is 
effective for producing dense, high-strength AlTiC, the one-directional 
nature of the force can lead to non-uniform pressure distribution, often 
resulting in residual porosity (microscopic voids). On the other hands, 
HIP process applies heat and isostatic pressure (equal pressure from 
all directions) to a material inside a high-pressure vessel. The pressure 
is applied using an inert gas, such as argon, which surrounds the part 
and exerts force evenly on all surfaces. This ensures a more uniform 
grain outcome. The HIP is often used as a post-processing step for 
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castings or additively manufactured parts to eliminate internal porosity. 
The isostatic pressure collapses internal voids and microscopic pores, 
resulting in improved final density. Because pressure is applied equally 
from all sides, the final product has a highly uniform microstructure 
and consistent properties throughout the entire substrate.  

Slider lapping processes involves a series of steps critical in 
achieving topographical and electrical requirements. The final lapping 
step applies fixed-abrasive lapping technology where material is 
removed or polished from the surface of a workpiece precisely to 
give it a good planar surface finish [4-6]. During lapping contact 
between moving surfaces, a friction force is generated in tribological 
regime, which allows the material removal mechanism to start.  

From a tribology point of view, AlTiC shows regions of high and 
low friction, which coincides with the alumina phase for the high 
friction region and the TiC phase for the low friction region [7]. 
Generally, the lapping removal rate of this material is a complex 
function and depends on contact geometry, surface asperities, micro-
structure, grain sizes, fracture toughness, speed, load, temperature, 
duration, environment, and lubrication [8]. Material removal occurs 
through a combination of micro-cutting/ploughing and brittle fracture. 
For ductile materials (metal films), the abrasive particle cuts a small 
chip or pushes the material aside. For hard, brittle materials (ceramic 
substrate), the fixed diamond induces cracks that join, leading to the 
removal of material fragments. Investigation on the coefficient of 
friction (COF) lubricated AlTiC substrate surface, lubricant type affects 
the friction regime, and dependency was observed normal force and 
sliding speed [9]. 

This study investigates how the grain size, crystal structure, and 
chemical bonding of AlTiC substrates influence the tribological 
characteristics of fixed-abrasive lapping. Our objective is to refine 
the fabrication process to produce defect-free, ultra-smooth surfaces, 
which are essential for maximizing recording density and drive reliability. 

 
2.  Experimental methods 

 
2.1  AlTiC Substrate material 

 
The AlTiC wafer substrates, eight inch in diameter is supplied by 

Hitachi Metals, Japan. HP and HIP were involved during substrate 
fabrication. However, the supplier did not provide details of the 
processing condition and parameters. 

 
2.2   Grain size, crystal structure and chemical bonding 
characterization 

 
The AlTiC substrates surface were inspected with Carl Zeiss 

Merlin field emission scanning electron microscope (FE-SEM). The 
grain size from the SEM micrographs were measured using the Heyn 
(1904) intercept method [10]. 

X-ray diffraction (XRD) technique is used to analyze the atomic 
and molecular structure of AlTIC substrates. Rietveld modeling, 
a crystallographic refinement method uses a known or proposed 
crystal structure to create a theoretical diffraction pattern. This calculated 
pattern is then meticulously adjusted to fit the experimental XRD data.  

The electron microprobe analyzer (EMPA) was used for elemental 
analysis. This electron interaction causes the atoms in the material 

to emit characteristic X-rays. By analyzing the wavelength and intensity 
of these X-rays, the instrument can precisely determine the concentration 
of each element present in a small volume. EMPA is a quantitative 
analytical tool used to determine the elemental chemical composition 
of the AlTiC substrates and is used to measure the exact stoichiometry 
to determine the precise content in the AlTiC substrates. 

Multiple AlTiC substrate fresh from supplier and full device 
fabricated wafers measuring 46 mm in length  and 13 mm width were 
sampled for XRD and EMPA to confirm crystal structure and chemical 
bonding characteristics. 

 
2.3  Hardness measurement  

 
The material bulk hardness (HV) of both groups of AlTiC substrates 

were evaluated using Vickers indentation technique [11] with a 
Mitutoyo-MCK-H2. The wafer substrate sample used was 45 mm 
× 45 mm shape of 1.2 mm thickness. Samples were polished under the 
same conditions of time, tooling, and fixtures. There were four indents 
per sample with a load of about 19.6 N (2 kg), and a dwell time of 10 s.  

The micro-hardness evaluation, a Hysitron Tribo-indenter using 
a Berkovich indenter in 2000 µN load force was applied. The samples 
were actual row bars with surface conditions post final lapping. Three 
row bars from each substrate were used with seven sampling points 
per row bar samples. 

 
2.4  Coefficient of Friction measurement  

 
The coefficient of friction (COF), an in-house developed friction 

tester tool, shown in Figure 1, was employed to study the COF of both 
groups of AlTiC substrates. Unlike other commercially available 
systems like ball on disc, this friction tester system was designed to 
closely simulate actual HDD row bar specimen as it glides along the 
surface of the plate with fixed abrasive as in the final lapping process. 
The friction force is measured by detector situated at left and right 
ends of the row bar. Weight and plate speed in rpm applied on the work-
piece (row bar) can be varied to measure friction force and determine 
the coefficient of friction. A 350 nm monocrystalline diamond embedded 
in a Sn (99%)–Bi (1%) (725PD) plate was used in the study. A hydro-
carbon oil-based lubricant (CK9G supplied by Saint-Gobain) was 
used in the experiments. Plate speeds were evaluated from 5 rpm to 
90 rpm.  

 

 

Figure 1. Schematic diagram of the friction tester tool. 
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The coefficient of friction (COF) [12], or friction coefficient, 
is a constant defined by 

 
   µ  =  lateral (friction) force normal (F) / externally applied load (N)  (1)  
 
                                                    µ′  =  dF/dN            (2) 
 

In the first Equation (1), F = 0 at N = 0; i.e., the friction force is 
zero at zero load, while in the second Equation (2), the friction force 
may be finite at zero load and the COF is given by the slope of the line. 

 
2.5  Lapping material removal rate (LMMR) characterization 

 
Third generation advanced fine lapping (AFL3G) tool was used 

for the characterization of the lapping performance, i.e., lapping rate. 
The row bar is attached to the mount tool using a polyurethane adhesive 
shown in Figure 3(a). Connection from the slider is wire bonded to 
the PCB shown in Figure 3(b). AFL3G has pogo pins that provides 
connection to the PCB when the mounted is loaded on the lapping 
machine. AFL3G is a close loop system and controls lapping process 
though electrical lapping guides (ELG). The slider is automatically 
pushed harder against the plate when the resistance is below target and 
vice versa using force actuators. Fixed abrasive or two-body lapping 
was employed using an in-bismuth (Sn-Bi) alloy plate textured with 
a uniform groove and charged with 95 nm diamond abrasive. Lapping 
force evaluated were from 12 psi to 36 psi per slider and at the plate 
speed of 5 rpm to 15 rpm. A hydro-carbon oil-based lubricant (CK9G 
supplied by Saint-Gobain) was used in the experiments. Figure 2 shows 
the schematic diagram illustrating fixed abrasive lapping. 

 

 
Figure 2. Fixed abrasive lapping schematic diagram. (a) Details of row bar, 
PCB, wire bond and mount tool, and (b) Plate, abrasive, and row bar on lapping 
mount too assembly. 

2.6  Surface roughness measurement 
 
An atomic force microscope (AFM NX-PTR by Park Systems) 

was used to investigate the surface roughness of the AlTiC substrate 
and the Ni-Fe reader shields on HDD slider. The reader shields in 
a magnetic head are magnetic components that surround the read sensor 
to precisely define the area from which the sensor can detect magnetic 
flux. Their primary function is to channel the magnetic flux from the 
intended data track on a magnetic disk or tape and block stray magnetic 
fields from adjacent tracks and other sources. AFM scan size of 20 mm 
× 20 mm and 3.5 mm × 3.5 mm, respectively. Three (3) row bars from 
each substrate were used with five sampling points per row bar. These 
row bars underwent normal cleaning procedures after the final 
lapping process.  

 
3.  Results and discussion 

 
3.1  Lapping material removal rate (LMMR), coefficient 
of friction (COF), hardness, and surface finish 

 
The effect of plate speed and lapping pressure on the lapping 

material removal rate (LMMR) of magnetic HDD sliders follow the 
general principles of lapping tribology, as described by Preston's 
equation [13]. Regarding the material removal rate (MRR) in lapping 
many researchers rely on the abrasion/wear-based Preston’s equation 
(MRR = K·p·vr), where K is Preston’s coefficient, and the predominant 
input quantities are lapping pressure (p) exerted on the workpiece and 
the relative speed (vr) from the plate speed. This relationship is critical 
for achieving the reader and writer element critical dimensions and 
surface finish needed for optimum performance of magnetic heads 
for HDD. 

The relationship between LMRR and lapping pressure for both 
type-A and type-B AlTiC substrates is illustrated in Figure 3(a). The 
value of LMMR increases remarkably with an increasing in the lapping 
pressure during the process. Thus, the lapping pressure should be 
optimized within a certain range to ensure optimum magnetic head 
performance is achieved. It was found that, if the lapping pressure 
were too high, the lapping diamond abrasive grains were likely to 
sink faster into the top layer of the lapping plate, LMRR would be 
reduced quickly. This leads to low performance and productivity in 
the lapping process of the HDD head. The relationship between 
LMRR and plate rotation speed is shown in Figure 3(b). With the 
increase in plate rotation speed, the LMRR increased linearly. For 
any given lapping pressure and plate speed, it was found that the 
type-B AlTiC substrate showed higher lapping material removal rate, 
compared to type-A, as seen in Figure 3(a-b). AlTiC is a brittle material, 
the fixed diamond induces cracks that join, leading to the removal of 
material fragments. Titanium Carbide particles are dispersed uniformly 
throughout the alumina matrix. It is extremely hard and should be 
the contributing significantly to the overall fracture toughness samples 
substrates. 

The coefficient of friction (COF) values shown in Table 1 indicate 
that the type-A AlTiC substrate has the COF at 0.21 while that of 
type-B AlTiC has 0.24 (14% higher than type-A). Higher COF of 
type-B AlTiC substrate results in a greater shear stress between the 
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diamond abrasive and the surface of the substrate, resulting a higher 
LMMR compared to type-A AlTiC substrate. The experimental results 
demonstrate that the substrate type significantly influences tribological 
behavior. AlTiC-A consistently provides a lower friction interface 
compared to AlTiC-B, which is a critical factor for achieving the defect-
free, ultra-smooth surfaces required in high-density HDD slider 
fabrication. 

The mechanical characteristics of both type-A and type-B AlTiC 
substrates are summarized in Table 1. Vicker’s hardness of type-A 
AlTiC substrate is at 2038 HV and is higher with respect to type-B AlTiC 
substrate at 1791 HV. The results measured from Nano-indentation 
also confirmed that the type-A AlTiC has a localized hardness higher 
than type-B AlTiC substrate about 5%. Moreover, the type-A AlTiC 
substrate is also stiffer, with a Young's Modulus of 316.38 GPa, 
compared to 305.84 GPa for the type-B AlTiC. The surface nano-
indenter penetrated less into type-A AlTiC at contact depth of about 
34.4 nm than into type-B AlTiC substrate at 35.7 nm, as shown in 
Figure 4(a-b). 

The Load-Indentation depth curve (also known as a nanoindentation 
curve) in Figure 4(c),  compares the mechanical response of two substrate 
materials. Hardness and resistance to penetration shows that for any 
given load, the type-A AlTiC curve reaches a smaller maximum depth 
than the type-AlTiC curve. Therefore, the type-A AlTiC is harder and 
more resistant to plastic deformation than type-AlTiC, as it requires 
less indentation depth to support the same load. In terms of elastic 
recovery and stiffness, since the final depth is related to the amount of 
permanent deformation, type-AlTiC appears to exhibit slightly better 
elastic recovery or less total plastic work compared to the type-A 
AlTiC. 

The RMS surface roughness measured by the AFM shown in 
Table 1, indicates that at a similar lapping condition or parameter, 
the type-B AlTiC substrate has higher AlTiC and Ni-Fe reader/writer 
shield roughness. This implies that higher removal rate from higher 
COF and lower hardness of the material can cause the diamond to 
plow with deeper cut through the AlTiC substrate surface resulting 
in rougher RMS surface roughness. 

 

 
Figure 3. Lapping material removal rate comparison between type-A and type-B AlTiC substrates with respect to (a) lapping pressure, and (b) plate speed. 

 

 
Figure 4. Nano-indentation image (a) type-A AlTiC, (b) type-B AlTiC substrates, and (c) Load -indentation depth curve. 

 
Table 1. Type-A AlTiC and -B coefficient of friction, hardness, and surface finish comparison. 
 
AlTiC   Coefficient of  Vickers hardness  Nano-Indentation  Surface Roughness (Ra) 
Substrate Friction (COF) [HV] Hardness  

[GPa] 
Modulus of 
elasticity [GPa] 

Contact Depth 
[nm] 

 AlTiC  
[nm]  

NiFe  
[nm] 

Type-A  0.21 2038 32.4 316.4 34.4  0.33 0.29 
Type-B 0.24 1791 30.7 305.8 35.7  0.41 0.34 
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3.2  Influence of AlTiC grain size and chemistry on lapping 
tribology 

  
As seen from Figure 5(a), the type-A AlTiC substrate has the 

average grain size at about 0.67 µm, while the type-B AlTiC substrate 
has 0.42 µm. Thus, the modification of AlTiC grain size was achieved 
by modifying the conditions in hot pressing (HP) and hot isostatic 
pressing (HIP) [3,14-16]. In metals, the dependence of the displayed 
strength as a function of grain size has been successfully described 
by the empirical Hall-Petch and inverse Hall-Petch relationships. 
Strengthening is induced by dislocation blockage effects, while softening 
is triggered by dislocation emission from grain boundaries (GBs) and 
activation of GB deformation mechanisms, such as grain rotation and 
GB sliding at fine grain sizes [17-19]. In contrast, in ceramics, due to 
the nature of their chemical bonding, i.e., strong covalent or ionic 
bonding, and the crystal structure complexity, dislocation nucleation 
and motion at ambient temperature are significantly restricted. Hence, 
while Hall-Petch-like behavior has been observed in ceramics, the 
physically based explanations for the Hall-Petch relationship in 
metals, e.g., dislocation pile-up, are not directly applicable to justify 
their mechanical behavior as a function of grain size [20-22]. 

The TiC crystal structure from Rietveld refinement of the XRD 
data is shown in Figure 6, along with the EMPA elemental chemical 
composition of the AlTiC substrates are summarized in Table 2 The 
structure of TiC in the type-B AlTiC has some percentages of oxygen 
that are found on the carbon lattice sites [23]. The grain densification 
of AlTiC [2] during hot pressing occurs primarily at elevated temperatures 
and under a curtain applied pressure. Significant densification can 
occur as both high pressure and elevated temperature are applied 
simultaneously. Thus, the combination of these two factors is what 
drives the material to deform and consolidate. HP is typically performed 
in a vacuum or an inert gas atmosphere (such as argon or nitrogen) 
to prevent unwanted side reactions. However, achieving a completely 
oxygen-free environment is difficult. The most common source of 

oxygen comes from the initial raw materials. The starting powders, 
as TiC, can have thin surface layers of oxides from previous handling 
or synthesis steps. At the elevated temperatures used in hot pressing 
(e.g., 1600℃ to 1800℃), these oxides can react with the TiC, leading to 
the substitution of oxygen for carbon in the crystal lattice. 

The fact that TiC is a ceramic material with a cubic crystal 
structure, within TiC lattice, oxygen can replace carbon atoms to 
form an oxycarbide phase (TiC1−xOx). The substitution of oxygen 
for carbon in the TiC lattices of AlTiC substrate concern as this can 
significantly affect the properties of the substrate.  

Replacing carbon atoms with oxygen atoms in the TiC structure 
would significantly alter its properties. This affects the crystal structure 
as oxygen atom is larger than carbon and has a different electronic 
configuration. Substituting carbon atoms with oxygen atoms can 
cause distortions and strains in the surrounding crystal lattices. The 
mismatch in size might create vacancies in the lattices to accommodate 
the larger oxygen atoms.  

Furthermore, oxygen forms ionic bonds with titanium, which 
the bonds are quite strong, but not as strong as the covalent network 
of carbon-titanium bonds in TiC. Ionic bonds involve the electrostatic 
attraction between oppositely charged ions. Even the ionic bonds are 
strong, but they generally lack the directional characteristic of covalent 
bonds. However, these bonds are not very flexible. As they are stressed, 
the ions cannot easily rearrange or slide past each other, leading to 
brittle fracture. The Mohs hardness of TiO2 is about 5 to 6. Covalent 
bonds involve the sharing of electrons between atoms, often in specific 
directions determined by the atomic orbitals involved. This directionality 
creates a strong and rigid connection, resisting deformation more 
effectively. The titanium carbide features strong covalent bonds 
between titanium and carbon atoms. These directional bonds create 
a very rigid structure, making TiC exceptionally hard (Mohs hardness 
is about nine up to 9.5). Oxygen might not contribute to the ductility 
compared to carbon, potentially making the material more brittle 
and prone to cracking. 

      
Figure 5. Scanning electron micrographs of (a) type-A AlTiC, and (b) type-B AlTiC substrates wafer. 

 
Table 2. AlTiC substrate C/Ti ratio and chemical composition by EMPA. 
 
Wafer  Substrate AlTiC Composition 
 Al2O3 TiC TiC1-xOx 
type-A AlTiC 51.90% 48.10% 0.0% 
type-B AlTiC 52.20% 44.90% 2.9% 
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Figure 6. Rietveld modeling of TiC lattice structures of (a) type-A AlTiC 
and (b) type-B AlTiC substrate wafer. 

 
Based on all the results, the type-B AlTiC substrate is a strong 

alternative for next-generation Hard Disk Drives (HDDs) because 
it offers better lapping and machining efficiency. Furthermore, these 
findings offer a key understanding of how AlTiC substrates affect 
the lapping friction and wear mechanisms (tribology). This knowledge 
will guide efforts to boost manufacturing productivity and achieve 
a better surface finish performance. 

 

4.  Conclusions 
 
In this research, it was found that the lapping tribology is driven 

by the crystal structure and chemical bonding of the AlTiC substrates 
rather than the grain size. The type-B lower material removal rate 
resulting to rougher surface finish was mainly due weakening caused 
by the titanium oxycarbide phase, which was the dominant factor, 
outweighing the minimal contribution from grain-boundary strengthening 
(Hall-Petch effect). Furthermore, the grain size investigated in this 
study was between 420 nm to 670 nm, making it far too large for 
the inverse Hall–Petch effect which involves softening at exceedingly 
small grain sizes typically below 100 nm to be a relevant mechanism. 
The findings also highlight the importance of lapping parameters 
optimization to balance material removal rate (process productivity 
and efficiency) and surface finish (magnetic head reliability and areal 
density performance). 
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