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Abstract
In this study, the mechanical machinability of an interpenetrating metal-ceramic composite was investigated. The material was 
manufactured by gas pressure infiltration of a slurry-based ceramic preform and an AlSi10Mg cast alloy. The combination 
of a soft metal and a very hard ceramic brings many advantages in mechanical performance of the composite but challenges 
in the mechanical machining. Near net shape components manufactured and finished by mechanical processing is of inter-
est. Therefore, diamond-grinding with different diamond grit tipped tools was investigated in a range of process parameters, 
such as the rotation speed, feed rate, and cutting depth. During the grinding process, the cutting forces were continuously 
measured, and the machined surface and tool quality were evaluated afterwards. Cold welding of the aluminum chips on 
the tool and the material surface were detected, and the effect of the superposition of ductile and brittle cutting mechanisms 
were observed. Increasing cutting forces and therefore increasing the process heat results in reclosing of brittle defects in 
Al2O3 by deformed aluminum. This effect leads to a reduced surface roughness when increasing the material removal rate 
by increasing cutting speed, feed rate, and cutting depth.

Keywords  Interpenetrating metal-ceramic composites (IMCC) · Mechanical machinability · Grinding · Cutting forces · 
Surface roughness · Material removal behavior

Abbreviations
MMC	� Metal matrix composites
MRR	� Material removal rate
IMCC	� Interpenetrating metal-ceramic composites
IPC	� Interpenetrating phase composites
GRA​	� Grey relational analysis
CNC	� Computer numerical control
WJM	� Water jet machining
USM	� Ultrasonic machining
EDM	� Electrical discharge machining
ECM	� Electro-chemical machining

1  Introduction

The consequent development of materials, to improve their 
structural properties such as stiffness, strength, and wear 
resistance, brought up various composite materials in the 
last decades [1]. In particular, the combination of opposing 
materials has challenged the development of hybrid com-
posites to combine the good properties of the components 
and get rid of the bad ones [2]. Reinforcing metals with 
ceramics, invented by Schmidt in 1924 for an alumina par-
ticle reinforced aluminum composite [3], became popular 
in the second half of the twentieth century and for particle, 
and fiber reinforced composites were found applications in 
automotive [4], space [5], and aerospace [6], as well as in 
harsh environments, like chemical plants [7]. The devel-
opment of metal matrix composites (MMC) promised an 
increase in the mechanical, thermal, and wear properties by 
reinforcing the metallic phase with a completely coherent 
ceramic phase [8]. The so-called interpenetrating metal-
ceramic composites (IMCCs) have two topologically inter-
connected phases through the whole material. The interpen-
etrating combination of a light-weight metal and a very stiff 
ceramic promises high light-weight potential with very high 
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specific properties. This predicted increase in stiffness and 
compressive strength by Mattern et al. [8] was shown in vari-
ous studies for the elastic range [9], the elastic–plastic range 
[10], as well as in in situ SEM [11] and CT studies [12] for 
the damage resistance.

Reasons why IMCCs are not broadly found in industrial 
applications yet are the lack of economic efficiency, result-
ing from the expensive preform production (cf. Scherm 
et al. [13] or Schreer et al. [14]) or a very time consum-
ing in-situ manufacturing process [15]. A patented manu-
facturing process by Morgan Advanced Materials Halden-
wanger GmbH reduces the preform manufacturing costs 
and makes the industrial application of IMCCs attractive 
[16]. Nevertheless, the success of the material depends also 
on the machinability and the cost of processing of the near 
net shape casted IMCC. The very brittle and hard alumina 
phase [17], combined with the ductile aluminum [18], chal-
lenges the machining process, as the difficult machinability 
is already known for aluminum-alumina MMCs in literature 
[19].

In principle, all machining processes like turning, mill-
ing, and drilling or unconventional processes like water jet 
machining (WJM), electrical discharge machining (EDM), 
electro-chemical machining (ECM), as well as hybrid pro-
cesses like laser assisted machining (LAM) and ultrasonic 
assisted machining (UAM) can be used for the surface fin-
ishing of MMCs [20–23].

Advantages and disadvantages of those methods have 
been discussed in literature. Abrasive water jet cutting of 
Al-Al2O3 MMC tends to form a taper at the cutting edge 
[24]. For efficient ultrasonic assistant cutting process with 
the largest possible vibration amplitude, the mass- and 
geometry-dependent natural vibration frequencies for the 
system component (e.g., tool) must be determined. Due to 
the immense difference in the melting temperature of Al 
and Al2O3, laser cutting forms a large heat affected zone and 
dross at the exit of the cut surface [25].

The surface finish and surface integrity are important for 
surface-sensitive parts that are subjected to fatigue or creep. 
However, many machining methods often result in cracking, 
splintering and pulling out of the reinforcements. Grinding 
can be used to obtain a good surface finish and damage-free 
surfaces [19].

Grinding tools have numerous grain cutting edges of 
irregular size and shape; these tools are called undefined 
cutting edges. The tips and edges of grains act as cutting 
edges and are bond in a weak matrix material randomly 
all over the tool body. A large amount of micro-chipping 
effects of the engaging grains generates the total material 
removal in the grinding process. Thus, the total cutting load 
is distributed in a way that the load of a single grain is low. 
Using diamond grains, this process is suitable for cutting 
hard materials like ceramics, e.g., Al2O3 and SiC. Diamond 

grinding is also a well-established process to machine fiber 
reinforced ceramics with highly anisotropic and heterogene-
ous properties [26].

Hence, grinding is often limited to simple flat or cylindri-
cal workpiece geometries. Grinding in a machining center 
uses a grinding head that replaces the milling tool to remove 
the workpiece material with a computer numerical control 
(CNC) milling machine [27].

1.1 � Machining of MMC

Since research on the investigated interpenetrating metal 
ceramic composite, based on an open-cell Al2O3 preform, 
and a gas-pressure infiltrated AlSi10Mg alloy is extremely 
limited, some findings on the grinding of particulate rein-
forced MMCs are taken into account, as the combination of 
a brittle ceramic phase and a ductile metallic phase shows 
the basic challenge and first approaches for the machining 
and parameter finding discussed.

Most research studies focus on SiC-particulate reinforced 
aluminum composites (SiCp/Al) with SiC volume fractions 
between 5 and 20% [27]. However, it must be noted that 
SiC reinforcement MMCs are even more difficult to machine 
than those reinforced with Al2O3. A common problem 
hereby are surface cracks in the matrix and the reinforce-
ment, work hardened sub-surface, and the formation of voids 
and delamination which is due to pulled-out reinforced parti-
cles and aluminum matrix adhesion on the machined surface 
[27, 28].

Du et al. [29] analyzed the chip formation in machining 
of a SiCp/Al composite. They called the process grinding, 
which is in our view equal to diamond grinding with the 
respective tool. It was found that the SiC particles inhibit the 
deformation of the aluminum matrix. The different contact 
positions between the SiC particles and the diamond grains 
cause the SiC particles to be fractured, pulled out, and/ or 
pushed into the surface of the chip.

Pai et al. [30] used a 35 vol.-% SiCp/Al composite in a 
comparable grinding process. It was found that the surface 
roughness improved with an increase in SiC volume percent-
age and decreased with the depth of cut. This was attributed 
to the increasing specimen hardness which decreases micro-
ploughing and positively influences the specific grinding 
energy.

When the grinding temperature exceeds 450 °C, a black 
color appears on the ground surface due to an oxidation 
reaction. According to Thiagarajan et al. [31], the residual 
compressive stress of such a burned surface layer is very 
high (cf. [27]). They proved that the grinding temperature 
increases with an increase in the cutting speed, feed rate, 
and depth of cut [31].

Hung et al. [28] investigated different grinding wheels 
in the grinding of a SiCp/Al material with a SiC volume 
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content of 10 and 20%. The diamond wheels were more 
effective than the cubic Boron-Nitride (cBN) wheels since 
their grinding forces were lower and more stable. The dia-
mond wheel showed a self-sharpening mechanism while 
the cBN wheel was pasted over with the soft aluminum 
matrix. This blocked the cutting grains and increased fric-
tion and thus grinding forces. A coarse-grit diamond wheel 
was deemed appropriate for rough grinding, and a fine-grit 
diamond wheel was deemed suitable for fine grinding to 
achieve the best surface integrity. Less effort was required 
to remove the thermally softened layer in rough grinding. 
The thermal softening effect was negligible in fine-grinding.

Kwak et al. [32] reported on different SiC and Mg volume 
contents and the influence of grain size and depth of cut on 
the surface roughness. However, the SiC and Mg volume 
contents and the grain size of the grinding wheel had little 
effect on the grinding force, while the machine table speed 
and the depth of cut were strongly affecting the grinding 
force [32]. Similar effects of the depth of cut and the feed 
rate on the grinding force were reported in Zhou et al. [33] 
and Chen et al. [27].

Zhao et al. [34] concluded that in grinding a SiCp/Al 
material with a 63 vol.-% SiC content, a lower feeding speed, 
lower cutting depth, and a higher spindle speed should be 
chosen to obtain a better surface quality. To balance grind-
ing efficiency and surface quality, a higher cutting depth at 
high cutting speed and reduced feed rate should be chosen.

1.2 � Machining of IMCC

Besides the work done by Roy et al. [35] on the wire elec-
trical discharge machining and Goswami et  al. [36] on 
electrochemical grinding, little research has been done on 
conventional machining of Al2O3/Al interpenetrating phase 
composites (IPC) [36].

Liu et al. [37] investigated the use of an aluminum alloy 
with 15–40 vol.-% spinel and mullite foams for an appli-
cation as a cut-resistant security material. Samples were 
cut using a diamond slitting wheel. Comparing spinel- and 
mullite-based IMCCs of similar volumetric reinforcement, 
the cutting resistance of the spinel-based IMCC was half of 
the cutting rate of the mullite-based IMCC. This difference 
in cutting resistance was attributed to the hardness of the 
spinel in comparison to the mullite. However, the 20% and 
40% spinel IMCC had similar hardness values but showed 
a significant difference in the cutting rate. Therefore, it was 
believed that the hardness was not the only contributing fac-
tor to the cutting resistance. It was suggested that some of 
the aluminum phase is extruded and smeared across the sur-
face, forming a strain hardened thin metallic layer in a man-
ner similar to the drawing of metal. Consequently, it takes 
more effort to deform the aluminum phase in the cutting 

process. This effect would explain the observed brittle frac-
ture of the aluminum.

Also, the ceramic phase was rarely observed at the sur-
face since it was covered with a thin aluminum layer. It was 
assumed that this layer was created by the abovementioned 
smearing, although a secondary adhesion of metal debris 
could have also explained the effect. A crack was investi-
gated that propagated along the ceramic grain boundaries 
and was bridged by the aluminum phase [37].

Although uncoated carbide tools are not very suited 
for processing materials containing silicon carbide [38], 
Karabulut et al. [39, 40] investigated an aluminum alloy 
with 40 vol.-% SiC foam in milling with such a tool. The 
tool showed excessive edge chipping which was attributed 
to sudden high-stress and relaxation phases when the hard 
SiC phase was cut and then suddenly released in the cutting 
area. A high temperature weakening of the bonding between 
the SiC and aluminum matrix was believed to result in the 
SiC phase breaking instead of cutting. The high temperature 
weakening of the bonding created small gaps, microcracks, 
and scratches on the surface which led to arithmetic mean 
roughness values (Ra) of between 1.9 and 3.2 µm. It was 
concluded that the SiC phase restricted the movement of 
the soft matrix and provided an “acceptable” surface qual-
ity. The feed rate was the most significant factor affecting 
the surface roughness, while the strongest influence on the 
cutting force was the cutting depth.

Prasanth et al. [41] investigated an aluminum alloy with 
20 vol.-% SiC foam in end milling, using an uncoated car-
bide tool. They performed a grey relational analysis (GRA) 
following an experimental Taguchi investigation (cf. [42, 
43]). The cutting speed and feed rate were the most impor-
tant factors influencing the surface roughness and tool wear. 
The optimal parameters were found to be a cutting speed 
of 7000 rpm, a feed rate of 600 mm/min, and a depth of 
cut of 0.4 mm. The optimized parameters lead to a surface 
roughness of 1.08 µm and a tool wear of 18 µm after a tool 
travel of 0.1 m. However, it is not clear if the improved sur-
face roughness reported was not due to smearing of the alu-
minum since no close examination of the machined surface 
was publicized.

As the state-of-the-art shows, the field of research on the 
machining of interpenetrating metal ceramic composites is 
still wide, and a lot of effort is to be taken, to understand the 
arising effects during machining, find suitable machining 
parameters, and optimize the processing for industrial appli-
cation and successful transfer of this new material group 
form lab scale into industrial processes.

In this paper for the first time, the machinability of IMCC 
will be systematically investigated regarding machining 
parameters, the tool conditions, microstructural surface qual-
ity, and cutting forces. The machining experiments are car-
ried out with small cylindrical tools to get an understanding 
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of processing of complex of complex geometries in near-net-
shape infiltrated metal-ceramic composites. CNC-machining 
process is the only manufacturing process for finishing of 
such near-netshape components like turbine blades, bear-
ings, or other components, subjected to wear, thermal, or 
chemical environment.

Since it is strongly requested by one of the reviewers, 
we cite references here [44, 45] though they are absolutely 
irrelevant for the present work.

2 � Material and methods

2.1 � The interpenetrating aluminum‑alumina 
composite material

The IMCC was manufactured via gas pressure infiltration 
with an AlSi10Mg alloy and a slurry-based alumina preform 
with 74% open porosity, provided by Morgan Advanced 
Materials Haldenwanger GmbH. A vacuum of 2∙10–2 mbar 
was used to evacuate the ceramic preform in a crucible 
with AlSi10Mg slabs, before the melt temperature of the 
aluminum alloy is exceeded at 700 °C. The metallic melt 
is infiltrated into the open porous structure of the alumina 
preform with an Argon gas pressure of 60 bar. The gas pres-
sure infiltration process, as well as the microstructural char-
acterization of the IMCC, was described elsewhere by the 
authors [9, 10].

A low residual porosity in the composite of 1 to 3% and 
a density of 2,95 g/cm3 were measured [9]. An increase in 
specific stiffness of the IMCC compared with the aluminum 
alloy was determined and reaches up to 45%; the compres-
sion yield strength increased at room temperature from 
198 to 365 MPa about 84%, as investigated by some of the 
authors [46, 47].

2.2 � Sample preparation

For the grinding experiments, cuboid specimens with a 
dimension of 5 × 5x50 mm3 were cut out of a material block 
with a diamond wire saw.

2.3 � Hardness indentation measurement

For the indentation measurement, 5 × 5x5 mm3 cubes were 
cut with a diamond wire saw of a material block and after-
wards ground and polished. SiC grinding paper of P220 and 
P 500 were used, and a subsequential polishing program 
with 9, 3, and 1 µm diamond suspensions and a final polish-
ing with a chemo-mechanical oxide polish OP-S suspension 
by Struers, Willich, Germany, were applied.

The hardness of the metallic and ceramic phase in the 
interpenetration composite was tested using a Duramin-40 
micro-hardness tester from Struers, Willich, Germany. The 
test was carried out and evaluated after Vickers in accord-
ance with the standard DIN EN ISO 6507–1. The holding 
time was 10 s, and the hardness scale “Vickers 0.3” with 0.3 
kilopond (equivalent to 2.94 N) test force was used for evalu-
ation. The hardness indentation was carried out specifically 
in a larger area of the metallic and ceramic phase so that the 
remaining hardness indentation was completely within the 
respective phase.

2.4 � Grinding experiments

The grinding experiments were performed on the five-axis-
machining center “DMG Ultrasonic 40 evo.” During all 
machining experiments, external cooling with a water-based 
emulsion was applied. The specimens were fixed mechani-
cally with a suitable device to allow side machining as dis-
played in the sketch of Fig. 1. Different process parameters 

Fig. 1   Setup for grinding experiments on a machining center (a) image and (b) scheme of the machining conditions
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were chosen (Table 1) and their influence on the tool quality; 
the cutting force and the surface quality of the parts were 
investigated. The cutting speed vc is the rotation speed, and 
the feed rate f is the lateral machining movement per spindle 
revolution.

The tools were galvanic bonded diamond grinding tools 
of 6.0-mm diameter. The influence of the grain size was 
investigated for tools with D46, D126, and D251 grains. The 
corresponding average grain diameters are 45, 125, and 250 
µm, respectively.

2.5 � Cutting force measurement

The cutting forces of the grinding experiments were meas-
ured by a piezoelectric dynamometer (Kistler Type 911AA2) 
using a data acquisition frequency of 10 kHz. The force data 
was compensated for thermal drift. It is assumed that the 
tangential and normal forces, Ft and Fn, acting on the tool 
correspond to the measured force components. For each 
experiment, mean value and standard deviation from 10,000 
single force values were determined.

2.6 � Surface topography characterization methods

The surfaces roughness was analyzed by the focus varia-
tion method (Alicona Infinite Focus). According to DIN 
EN ISO 25178 the 3D-roughness parameter Sa (arithmetic 
mean roughness) was determined from a measurement area 
of 3 × 3 mm2 and by applying a robust Gaussian filter (cut-
off 0.6 mm). The number of roughness measurements of 
each test series was three. For microstructure analysis of 
the machined surfaces, scanning electron microscope (SEM) 
Prisma E SEM by ThermoScientific, Waltham, USA was 
used. The surfaces of the grinding tools were investigated 
by light microscope (Keyence VHX-5000).

3 � Results

In the following, the results of this study are given for the 
material characterization, as well as for the mechanical 
machining processes. Hardness indentation measurements, 

the influence of the tool choice, the grinding kinematic, and 
the cutting depth are addressed.

3.1 � Hardness indentation measurement

The challenge in the hardness testing of a multi-phase mate-
rial is that the two material phases exhibit a very clear differ-
ence in hardness, and therefore hardness measurements over 
a larger range always depends on the phase proportion ratio. 
The indentations were made in the homogeneous ceramic 
or metallic phase. Images of the hardness indentation can 
be seen in Fig. 2. The hardness of the metallic phase was 
approx. 70 HV0.3 and the hardness of the ceramic phase 
1900 HV0.3. The indentations had an unequal aspect ratio 
of 0.98 for the metallic hardness indentation and 0.88 for the 
ceramic hardness indentation.

3.2 � Influence of the tool grain size

One key performance factor of grinding tools is the grain 
size. Increasing grain size allows higher chip thickness and 
therefore a grinding process with higher material removal 
rate. Surface roughness is expected to increase with increas-
ing grain size in homogeneous materials, as the distance 
between the active grain edges is larger and grains stand 
further out of the bond.

On the IMCC material grinding, experiments were car-
ried out with galvanic bonded tools with three different dia-
mond grain sizes. Figure 3 summarizes the effect of the grain 
size on the cutting forces and surface roughness. Tangential 
and normal forces as well as the arithmetic mean roughness 
for the grain sizes 45, 125, and 250 µm with the correspond-
ing feed rates 23, 63, and 126 µm/rev are shown. Increasing 
grain size and feed rate by factor 5.5 lead to increases of 
the tangential force of 108% (5.1 to 10.6 N) and the normal 
force of 70% (13.7 to 23.3 N). The roughness value Sa shows 
a quite similar increase of 78% (4.46 to 7.94 µm). This can 
be explained by the surface topographies of the machined 
IMCC specimens in Fig. 4, which illustrates the grooves 
along the grinding direction left by the rotating grains. With 
increasing grain size, the distance increases and the depth 
and width of the grooves increases obviously.

Table 1   Fixed and variable 
machining process parameters

Fixed parameters Variable parameters

Parameter Value Parameter Levels

Axial infeed 5.0 mm Tool: Diamond grain size/µm 45, 125, 250
Coolant flow rate 40 l/min Grinding directions Up- and down-grinding
Coolant pressure 4 bar Feed rate f/µm/revolution 31.5, 63, 47, 79, 126
Coolant type Water-based 

emulsion
Cutting speed vc/m/min 113, 160, 255, 302, 349, 396
Cutting depth ae/mm 0.05, 0.10, 0.20, 0.35, 0.50
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The grain size also influences the tool surface and its per-
formance. The SEM images of Fig. 5 show diamond tool 
surfaces of fine grain (45 µm) and coarse grain (125 µm). 
The diamond grains are bonded galvanically by a metallic 
nickel-based matrix. After a grinding distance of just 50 
mm, the deposition of grinding chips on the grinding tool 
surface is obvious. While at a grain size of 45 µm, areas 
of several square millimeters are already covered by chips, 
at a grain size of 125 µm, only scattered grain spaces are 
affected.

3.3 � Influence of the grinding direction

The cutting direction describes the direction in which the 
chips are removed, i.e., how the directions of the cutting 
and feed movements relate to each other. Like in Fig. 6(a) 
is presented schematically, in down-grinding, the grain 
cut from the upper edge of the workpiece with maximum 

Fig. 2   Remaining indentation after the hardness test with a HV0.3 test specimen (a) in the bright, metallic surface and (b) in the gray, ceramic 
surface (right). The corresponding information is given below the pictures

Fig. 3   Mean tangential and normal grinding force and arithmetic 
mean roughness dependent on the diamond grain size of the grind-
ing tool of 45, 125, and 250 µm processed by the corresponding feed 
rates of 23, 63, and 126 µm/rev

Fig. 4   Surface topographies of machined specimens at 207 m/min for diamond grain sizes of (a) 45 µm, (b) 125 µm, and (c) 250 µm
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chip thickness to the bottom with a chip thickness of zero. 
The opposite is the up-grinding. Figure 6b compares the 
grinding forces and surface roughness Sa of down- and 
up-grinding process. Down-grinding shows significant 
lower tangential forces and almost equal normal force. 
Down-grinding has 21% lower Sa-value than up-grinding. 
Figure 6c and d give the information about the topography 
of the processed IMCC surfaces. Additional to the typical 
grinding grooves, which is obvious for both machining 

directions, up-grinding shows also topographic peaks of 
up to 60 µm higher than the surface plateau. These are 
metal depositions, which is shown by the SEM image of 
the machined surface after up-grinding in Fig. 7b. Further-
more, it shows chipping of the ceramic phase and plasti-
cizing of the metal phase, which is the same for down-
grinding in Fig. 7a.

As the tangential force of up-grinding is much higher than 
of down-grinding, and the chip formation and roughness 

Fig. 5   SEM images of the 
grinding tool surfaces after a 
cutting distance of 50 mm for 
the diamond grain size of (a) 45 
µm and (b) 125 µm

Fig. 6   (a) Schematic down- and 
up-grinding; b Influence of 
the grinding direction on mean 
tangential and normal grind-
ing force and artihmetic mean 
roughness; surface topographies 
of machined specimens at 207 
m/min and 63 µm/rev: c Down-
grinding and (d) Up-grinding
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peaks are much more significant, we would recommend to 
use down-grinding.

3.4 � Influence of grinding kinematic and cutting 
depth

The grinding kinematics is a superposition of rotary and 
feed movements which can be varied by cutting speed vc 
and feed rate f respectively. The cutting depth ae is another 
important grinding parameter, which effects the chip thick-
ness. All tests were done by down-grinding and with tools 
with a diamond grain size of 125 µm. Figure 8 presents the 
normal and tangential forces during grinding of the IMCC 
material for cutting speed vc, feed rate f and cutting depth ae.

Cutting speeds between 113 and 396 m/min show an 
almost constant behavior of both tangential force Ft (approx. 
7 N) and normal force Fn (approx. 17 N). On the other hand, 
increase forces linear with increasing feed rates, which has 
been expected and observed also in other grinding and mill-
ing operations [38]. Between 31.5 and 126 µm/rev Ft as well 

as Fn are increased by factor 4. An increase of the cutting 
depth ae from 0.05 to 0.5 has even higher impact on the 
forces, resulting in Ft increasing degressively from 4.2 N 
to 15.9 N and Fn increasing as well from 10.7 N to 81.9 N.

There seems to be no influence on the machined surfaces 
by means of arithmetic mean roughness Sa due to the inves-
tigated variations of cutting speed, feed rate, and cutting 
depth (Fig. 9). However, comparing the surface topographies 
of the machined specimens, like in Fig. 10, there are dif-
ferences along grinding direction. Compared with grinding 
with cutting speed of 113 m/min, feed rate of 63 µm/rev, and 
cutting depth of 0.10 mm (Fig. 10a), increasing the cutting 
speed to 396 m/min (Fig. 10b), double the feed rate to 126 
µm (Fig. 10c), and increasing the cutting depth to 0.50 mm 
(Fig. 10d) lead to more frequent interruptions of the grinding 
grooves. All height profiles are in the same range. Figure 11 
shows the microscopic images of the corresponding tool sur-
faces. Only the grinding tool which was used at moderate 
grinding conditions (Fig. 11a) has no changes. Increasing 
cutting speed, feed rate, and cutting depth (Fig. 11b–d) lead 

Fig. 7   SEM images of the machined IMCC surfaces for (a) down- and (b) up-grinding

Fig. 8   Normal and tangential grinding forces dependent on (a) cutting speed, b feed rate, and (c) cutting depth
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Fig. 9   Mean roughness dependent on (a) cutting speed, b feed rate, and (c) cutting depth

Fig. 10   Surface topographies of machined specimens with different 
grinding parameters (cf. table below the images): (a) vc = 113 m/min, 
f = 63 mm/rev, and ae = 0.10 mm; (b) vc = 396 m/min, f = 63 mm/

rev, and ae = 0.10 mm; (c) vc = 113 m/min, f = 126 mm/rev, and ae = 
0.10 mm; (d) vc = 113 m/min, f = 63 mm/rev, and ae = 0.50 mm

Fig. 11   Grinding tool surfaces after a grinding distance of 50 mm 
with different grinding parameters (cf.  table below the images): (a) 
vc = 113 m/min, f = 63 mm/rev, and ae = 0.10 mm; (b) vc = 396 m/

min, f = 63 mm/rev, and ae = 0.10 mm; (c) vc = 113 m/min, f = 126 
mm/rev, and ae = 0.10 mm; (d) vc = 113 m/min, f = 63 mm/rev, and 
ae = 0.50 mm
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to metal depositions on the tool surface already after a grind-
ing distance of 50 mm.

The efficiency of these grinding processes is first of all 
directly related to the material removal rate and secondly to 
the cutting power. The received surface roughness can give 
an information about the machining quality.

The cutting power Pc is the product of the tangential force 
Ft and the cutting speed vc. A correlation between increasing 
Pc and decreasing Sa can be supposed, for the plot of cut-
ting power over the surface roughness (see Fig. 12a), with a 
measured surface roughness between 4 and 5 µm. This effect 
is more present for cutting speed or feed rate than for cutting 

depth. Figure 12b and c compare the surface topographies 
of the IMCC after grinding with feed rates of 31.5 and 126 
µm/rev, as the roughness value Sa decreases from 4.39 to 
4.05 µm, while the calculated cutting power Pw increases 
from 7.84 to 24.52 W. For a feed rate of 31.5 µm/rev, the 
topography has grooves along the grinding path from − 20 
to + 20 µm. Increasing the feed rate to 126 µm, the profile 
valleys are only up to 10 µm, and the profile elevations in 
y-direction are wider.

Figure 13 shows the effects of surface formation by means 
of SEM images of the machined IMCC surfaces. The surface 
at a feed rate of 63 µm/rev shows breakouts and elevations as 

Fig. 12   (a) Cutting power dependent on the arithmetic mean roughness and the surface topographies at feed rates of (b) 31.5 and (c) 126 mm/rev

Fig. 13   SEM-images of the machined IMCC surfaces for feed rates of (a) 63 µm/rev and (b) 126 µm/rev
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well. Increasing the feed rate to 126 µm/rev reduces breakout 
and leads to more prominent elevations.

Figure 14 shows the influence of the material removal 
rate Qw on the cutting power Pc. While increasing Qw by 
increasing the cutting speed and the feed rate leads to a 
linear increase of cutting power, an increase of the cutting 
depth shows a degressive growth of cutting power Pc.

4 � Discussion

4.1 � Influence of grinding parameters on the cutting 
forces

During grinding, the mechanical energy is almost com-
pletely converted into heat. A large part of this generated 
heat flows into the workpiece [48].

Therefore, the cutting forces are important indicators 
of the heat input during the process. The grinding process 
was investigated by evaluating the tangential and the nor-
mal cutting forces (Ft and Fn) dependent on diamond grain 
size of the grinding tool, cutting direction (up-grinding 
and down-grinding), cutting speed vc, feed rate f, and 
cutting depth ae. The corresponding results are plotted in 
Fig. 3, Fig. 6b, and Fig. 8a–c. For the grinding of IMCC, 
normal force is considerably higher than tangential force. 
This was expected, as monolithic Al2O3 [49] or metal alu-
minum [50] as well as different particle reinforced metal 
matrix composites like SiC/Al [51] or TiC/Ti [52, 53] 
behave in the same way. The material removal as well 
as the measured forces during grinding is made up of all 
single removals of the grain cutting edges. These grain 
cutting edges in turn have irregular shape, arrangement 

and number, resulting in irregular chip size and thick-
ness (the so-called tools with geometric undefined cut-
ting edges). The nature of cutting with grains results in 
negative rake angles, which leads to higher normal, than 
tangential forces.

While the cutting speed vc has no influence on the cut-
ting forces, increasing feed rate f and radial infeed ae leads 
to an almost linear increase of both Ft and Fn. These results 
are consistent with recent work on grinding forces, since 
changes in Ft and Fn can be related to changes of the unde-
formed chip thickness for variation of feed rate and radial 
infeed [54].

Due to material removal by multiple engagements of 
grains as well as the irregular shape and position in the grain 
cutters, for grinding, it is only possible to determine a mean 
undeformed chip thickness hmax [55].

The mean maximum chip thickness hmax can be described 
statistically and depend on the tool-related variables (C1, α), 
the movement variables (vc, vf) and the geometric conditions 
(ae, d).

During longitudinal grinding, the feed movement is paral-
lel to the work piece surface at the feed speed vf. The feed 
rate f is moved by each spindle revolution n [56]. For the 
spindle turning n, one can also substitute the cutting speed 
vc divided through π times the tool diameter d.

Therefore, an increase of the feed rate f is direct related 
to the feed speed vf and leads to an increased mean unde-
formed chip thickness as well as higher process forces, like 
in Fig. 8b. The same applies to increasing the cutting depth 
in Fig. 8c. For ae, the increase is stronger because the inves-
tigated range from 0.05 to 0.50 mm is with factor 10 higher, 
than for f (factor 4).

The cutting speed is generated by the tool rotation and 
determines the actual speed of the chip removal process. In 
contrast to previous investigations on grinding [49, 50], not 
the feed speed and the material removal rate but the feed rate 
is kept constant in order to avoid the influence of the chip 
geometry. If the cutting speed increases, this is obtained by 
increasing the feed rate accordingly, which also increases 
the material removal rate. Figure 8a shows almost constant 
tangential and normal cutting forces, which also means that 
there is no change of the material removal behavior between 
113 and 396 m/min. This can be classified as process typi-
cal behavior, since the grinding of carbon fiber-reinforced 
silicon carbide shows a similar behavior of the force curves 
[38].
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Fig. 14   Cutting power over the material removal rate
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The cutting direction, conversely, has a significant influ-
ence on the tangential grinding force Ft of the IMCC. While 
the normal force Fn is in the same range, Ft is twice as large 
during up-grinding (Fig. 6b). Like Fig. 6a shows, during 
up-grinding, very small chip thicknesses are present directly 
after the grain cutting edges enter the material. Elastic and 
plastic deformations initially occur, which lead to a compac-
tion of the material structure. The material chipping starts 
once a critical chip thickness has been exceeded. The energy 
input for the elastic and plastic deformations only contrib-
utes indirectly to material separation. This can be minimized 
with increasing chip thickness, which is more favorable in 
terms of energy. This must be the case with down-grind-
ing, as the maximum chip thickness of the abrasive grain is 
already present when it hits the upper edge of the material. 
This is consistent for example with the results of previous 
investigations on the grinding of SiSiC and ZrO2 [49, 57]. 
Comparative results on machining of Al/Al2O3 interpenetrat-
ing phase composites are not found in literature, as men-
tioned in the introduction.

The grinding performance can be expressed, e.g., by the 
material removal rate and depends on the process param-
eters but also on the tool design. Increasing the diamond 
grain size of the grinding tool and increasing the feed rate 
by the same factor lead to a progressive increase of the cut-
ting forces (Fig. 3). However, this is particularly due to the 
increase in the feed rate (compare with Fig. 8b). Compared 
with the 45 µm diamond grains, a diamond size of 125 µm 
shows just small increases of Ft (22%) and Fn (8%), but the 
250-µm grains have much larger increases of Ft (108%) and 
Fn (70%). This means that the process forces do not change 
a lot between tools with grain sizes of 45 and 125 µm, 
although the feed rate and therefore the material removal 
rate is increased by factor 2.7.

4.2 � Influence of grinding parameters on the IMCC 
surface topography and microstructure

The machined IMCC surfaces are discussed by roughness Sa, 
surface topographies and SEM-images of the microstructure.

The behavior of the arithmetic mean roughness Sa over 
the diamond grain size seems to be quite linear. The change 
of the roughness value is particularly due to the variation in 
grain size, because the feed rate has hardly any influence on 
the roughness (compare with Fig. 9b). There is an increase 
from 4.46 µm (grain size 45 µm) to 7.94 µm (grain size 250 
µm). The corresponding surface topographies in Fig. 4 show 
the reason for this effect. With larger grain size, the tools 
generate deeper and wider grooves along grinding direction 
into the work piece surface. These tool-induced markings 
result from the ductile cutting behavior of the aluminum.

Hence, the roughness of machined Al2O3 particle rein-
forced aluminum, which was ground by grinding wheel with 

a grain size of 60 µm, is with Ra of 0.2–0.7 µm an order of 
magnitude lower [19]. These particles are in micrometer size 
and well distributed in the metal matrix, while in contrast, 
the IMCC in this study has larger areas of ceramic Al2O3 due 
to the interpenetrating ceramic foam structure.

Any further investigations were performed by a tool with 
125 µm grain size. This includes the influence of the grind-
ing direction. Like the grinding force, also the roughness 
value Sa is lower for down-grinding than for up-grinding 
(Fig. 6b). Compared with down-grinding, the surface topog-
raphy of up-grinded IMCC in Fig. 6d shows additional 
typical grinding grooves between a profile height range 
from − 20 up to + 20 µm randomly distributed elevations, 
which have a peak height of up to 60 µm. By the microstruc-
ture in Fig. 7b, this is identified as aluminum depositions. In 
up-grinding, very small chip thicknesses are present directly 
after the entry of the grain cutting edges. Elastic deforma-
tions (high normal forces) and strong friction effects (high 
tangential force) are present at first. Only after a critical 
chip thickness is exceeded, shearing of chips occurs for the 
metallic aluminum due to plastic deformation, while crack-
ing leads to brittle removal of the Al2O3.

The energy input for elastic deformation only contrib-
utes indirectly to material removal. If these can be reduced 
with larger chip thicknesses, this leads to energetically more 
efficient material removal conditions. This must be the case 
with down-grinding, as the mean maximum chip thickness is 
already reached when the abrasive grain hits the material. In 
addition, reduced friction results in lower energy conversion, 
grinding forces and therefore in lower heat input.

The microstructures of the ground IMCC in Fig. 7 both 
show a continuous structure of a flake-like pattern in cut-
ting direction due to plastically deforming of the metal 
aluminum. The higher heat input during up-grinding leads 
to chip accumulations on the tool surface and finally to a 
cold-welding of the chips on the composite material sur-
face, resulting in depositions and higher surface roughness. 
Therefore, investigations of the grinding kinematic and cut-
ting depth were done by down-grinding.

Cutting speed vc, feed rate f and cutting depth ae, shown 
in Fig. 9, have a constant surface roughness Sa of approx. 4.5 
µm. Nevertheless, the feed rate f and cutting depth ae show 
significant influence on the grinding force in Fig. 8 due to 
the change of the “undeformed chip size,” which leads also 
to a change of the heat conditions.

In contrast to the roughness values, the surface topog-
raphies in Fig. 10 show differences for changes in cutting 
speed from 113 to 396 m/min, in feed rate from 63 to 126 
µm/rev and in cutting depth from 0.1 to 0.5 mm. Compared 
with a setup with moderate grinding conditions in Fig. 10a 
present the IMCC surface textures after machining with 
increased parameters in Fig. 10b–d local interruptions of 
the distinct parallel oriented grinding grooves in cutting 
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direction as well as crest flattening. This results from local-
ized flow of material, which is obvious in Fig. 13b, when 
analyzing the microstructural surface texture ground at 
f = 126 µm/rev. In Fig. 13a, more metal aluminum is plasti-
cized, looking like ductile depositions, because of increased 
cutting temperature compared with grinding with lower feed 
rate. In turn, this leads also to a reclosing of defects from 
brittle ceramic chipping. Here, the significant difference in 
hardness between the two interpenetrating phases becomes 
apparent, as measured in the hardness indentation measure-
ment (cf. Fig. 2). The high hardness of the alumina phase 
with approx. 1900 HV0.3 does not show a damage tolerant 
behavior and breaks brittle, without a plastic elongation at 
break. The soft aluminum with approx. 70 HV0.3, only, is 
removed in a ductile way and recloses surface defects (cf. 
Figs. 7, 10, and 13). In mechanical testing, the specific phe-
nomena of each phase and their interaction in the IMCC 
can be observed [9, 46]. Zan et al. [58] and Mypati et al. 
[21] describe the material removal mechanisms of MMC 
as a combination of localized plastic deformation and brit-
tle fracture. This also applies to the IMCC, although the 
ductile material removal mechanisms are more prevalent 
compared to the brittle ones. This is because the material 
volume proportions of AlSi10Mg alloy and Al2O3-ceramic 
are approx. 3:1.

For cutting speed, feed rate and cutting depth variations 
the Sa-values in Fig. 12a seem to have an indirect correla-
tion to the cutting power Pc, indicating the induced ther-
mal process energy. The influence on the surface texture is 
demonstrated by 3D-surface topographies in Fig. 12b and c. 
Increasing the feed rate from 31.5 to 126 µm/rev increases 
also the cutting power and leads to a topography with 
decreasing profile height, confirming the ductile plasticiz-
ing as well as the reclosing effects of brittle induced defects 
(fractured and splintered ceramic).

4.3 � Influence of grinding parameters on the tool 
and the machining performance

Higher thermal process energy at increasing cutting speed, 
feed rate, or cutting depth also leads to faster tool wear. Just 
after grinding distance of 50-mm local metal depositions on 
the tool surface are obvious (Fig. 11b–d). These depositions 
are confirmed by Marousi et al. [23], who observed already 
after a few seconds of cutting MMC a significant amount of 
adhering material forming a built-up edge on the tool.

If the chip spaces between the grains of a grinding tool are 
covered with chips, the grains in these areas will no longer 
take part in the cutting process anymore. The remaining cut-
ting grains have to compensate for this and are subject to 
additional stress during grinding. With ongoing depositing 
of chips and increasing sealing of the grinding tool surface, 
the material is increasingly unable to be removed resulting 

in loss of process stability. In contrast, the tool surface of 
grinding with moderate cutting parameters in Fig. 11a shows 
no change.

The aluminum depositions on the tool surface are even 
more severe if the grain size is reduced, because smaller 
grains have smaller distance, stand out less from the bond-
ing, and have smaller chip spaces. Figure 5a shows for the 45 
µm grain size already after 50-mm grinding distance large 
areas of the tool surface covered with such aluminum depo-
sitions, while the 125 µm grain size is still almost free of it.

If tools with smaller grain sizes still have to be used 
because lower roughness is required, these must be applied 
at decreased process speeds and cutting depth in order to 
achieve acceptable tool life. Although this reduces the mate-
rial removal rate and hence the efficiency. If the other way 
round, the material removal rate is increased, like in Fig. 14, 
the most energetically way with the lowest heat generation 
is to increase the cutting depth instead of cutting speed and 
feed rate. Although, the tool wear increases at high cutting 
depth. This confirms the complexity of the removal behavior 
of the IMCC material system. Although further investiga-
tions are required for a quantitative description, this work 
has already qualitatively identified various effects.

5 � Summary and conclusion

In this study, machining experiments of an interpenetrat-
ing metal-ceramic composite were done with a machining 
center to investigate the machinability, which is required 
for the development of an industrial machining process for 
IMCC components. Grinding experiments were performed 
with diamond grinding tools (diameter 6.0 mm) with respect 
to different grain sizes and cutting direction. The influence 
of the process kinematic was investigated at cutting speeds 
between 113 and 396 m/min and feed rates between 31.5 
and 126 μm/rev. The cutting depth was varied between 0.05 
and 0.5 mm.

The principle cutting mechanisms of IMCC is a com-
bination of brittle fracturing of the Al2O3-ceramic phase 
and plastically deforming of the metal aluminum. These 
effects increase if more heat is induced during processing at 
increased cutting forces and leads to a reclosing of defects 
from brittle ceramic chipping. This occurs when increas-
ing material removal rate due to cutting speed, feed rate, or 
cutting depth resulting in a slightly decrease of the surface 
roughness Sa, like from 4.39 to 4.05 µm for increasing feed 
rate between 31.5 and 126 µm/rev.

Higher heat input also leads to more metal aluminum 
depositions on the grinding tool surface. These deposi-
tions are even more sever for smaller grain size like 45 
µm, because compared with 125 µm grain size, the tool is 
covered much faster and increasingly unable to show stable 
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grinding performance. If significant lower surface rough-
ness is required, this is nevertheless only possible through 
smaller grain size.

The largest aluminum depositions on IMCC surface is 
generated by up-grinding process. This is due to the higher 
process forces and therefore heat input compared to down-
grinding, which is the preferred grinding direction.
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