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Abstract. Friction stir processing (FSP) was applied to fabricate boron carbide
(B4C) particulate reinforced copper surface composites. The effect of FSP parameters
such as tool rotational speed, processing speed and groove width on microstructure
and microhardness was investigated. A groove was contrived on the 6 mm thick cop-
per plates and packed with B4C particles. FSP was carried out using five various tool
rotational speeds, processing speeds and groove widths. Optical and scanning elec-
tron microscopies were employed to study the microstructure of the fabricated surface
composites. The results indicated that the selected FSP parameters significantly influ-
enced the area of surface composite, distribution of B4C particles and microhardness
of the surface composites. Higher tool rotational speed and lower processing speed
produced an excellent distribution of B4C particles and higher area of surface com-
posite due to higher frictional heat, increased stirring and material tranportation. The
B4C particles were bonded well to the copper matrix and refined the grains of copper
due to the pinning effect of B4C particles. B4C particles retained the original size and
morphology because of its small size and minimum sharp corners in the morphology.

Keywords. Surface composites; friction stir processing; copper; B4C.

1. Introduction

Copper-based ceramic particulate reinforced metal matrix composites (CMMCs) have been gain-
ing much attention owing to their good mechanical, thermal and tribological properties. CMMCs
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are applied where good wear resistance without loss of thermal and electrical conductivity of the
matrix is needed (Dhokey & Paretkar 2008). The introduction of hard, non-deformable ceramic
particles into matrix alloy causes a loss in ductility and toughness of CMMC. The life of compo-
nents depends on surface properties in many applications. Therefore, it is appropriate to modify
the surface of the component by reinforcing with ceramic particles while the inner matrix retains
the ductility and toughness. The modified surface layer is called as surface composite (Attia
2001).

Friction stir processing (FSP) is a novel solid state technique to fabricate surface composite.
Mishra et al (2003) developed FSP, based on the principles of friction stir welding (FSW). One
method to produce surface composite using FSP is to make a groove of required depth, compact
with ceramic particles, plunge the tool and traverse along the groove (Yadav & Bauri 2010). The
frictional heat softens the matrix alloy and the ceramic particles are distributed within the plasti-
cized matrix alloy by the stirring action of the tool. This technique has been effectively explored
by several investigators to fabricate surface composite on aluminum, magnesium, steel and tita-
nium alloys (Mazaheri et al 2011; Mahmoud et al 2008; Asadi et al 2010, 2011; Salekrostam
et al 2010; Shamsipura et al 2011).

Barmouz et al (2011a, b, c) successfully applied the FSP technique to fabricate Cu/SiC sur-
face composite in recent times. They have studied various aspects of the FSP process on the
formation of Cu/SiC surface composite. It was reported that the processing speed significantly
influenced the distribution of SiC particles. Higher processing speed led to poor distribution of
SiC particles and vice versa (Barmouz et al 2011a). The size of the SiC particles considerably
influenced the grain size and wear rate of Cu/SiC surface composite. Nano size SiC particles
yielded finer grains and lower wear rate compared to macro size SiC particles. Increased volume
fraction of both micro and nano sized SiC particles enhanced the wear resistance of the compos-
ite layer (Barmouz et al 2011b). Increasing the number of passes resulted in the reduction of the
SiC particles size and grain size of copper and improved the dispersion and separation of SiC
particles due to longer processing time and severe stirring action in the stir zone (Barmouz &
Givi 2011). The tool pin profile also contributed to the formation of Cu/SiC surface composite.
A straight cylindrical pin profile produced a uniform distribution of SiC particles and finer grain
size in the stir zone, increased hardness and wear resistance compared to the square pin profile
(Barmouz et al 2011c).

The major process parameters which influence the microstructure and other properties of sur-
face composite are tool rotational speed, processing speed, axial force, tool pin profile, number
of passes and groove design. Some studies on the effect of those process parameters on the sur-
face composites fabricated on aluminum and magnesium alloys were reported in the literature.
Mahmoud et al (2008) fabricated AA1050/SiC surface composite using FSP and reported
that higher tool rotational speed and multiple pass improved the dispersion of SiC particles.
Mahmoud et al (2009) investigated the effect of tool pin profile on the microstructure of
AA1050/SiC surface composite and concluded that square tool pin profile yielded finer distri-
bution of SiC particles. Yang et al (2010) synthesized AA6061/Al2O3 nano surface composite
using FSP and observed homogeneous distribution of nano Al2O3 particles when axial force and
the number of passes were increased. Asadi et al (2010) developed AZ91/SiC surface composite
using FSP and analysed the effect of tool rotational speed, processing speed and tool tilt angle
on the formation of macroscopic defects. Azizieh et al (2011) produced AZ31/Al2O3 nano sur-
face composite using FSP and noticed uniform distribution of Al2O3 particles at higher tool
rotational speed using threaded profile tool after four passes.

Boron carbide (B4C) has excellent chemical and thermal stability, high hardness and low
density and is used for manufacturing of armor tank, neutron shielding material, etc. (Chen et al
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2009; Guo et al 2011, 2012). B4C coating is applied on copper and steel using various methods
which is extensively used in nuclear industries (Nanobashvili et al 2002; Maruyama & Onose
1999). In the present work, an attempt is made to fabricate Cu/B4C surface composite using
FSP and study the effect of tool rotational speed, processing speed and groove width on the
microstructure and microhardness of the same.

(a) (b)

Figure 1. (a) Optical photomicrograph of copper and (b) SEM micrograph of B4C particles.

Figure 2. Fabricated friction stir processing tool.
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Table 1. Friction stir processing plan.

Process parameters Values

Tool rotational speed (rpm) 800, 900, 1000, 1100 and 1200
Processing speed (mm/min) 20, 30, 40, 50 and 60
Axial force (kN) 10
Tool tilt angle (◦) 0
Tool shoulder diameter (mm) 20
Tool shoulder surface Flat
Pin diameter (mm) 5
Pin length (mm) 3
Pin profile Straight cylindrical
Groove width (mm) 0, 0.35, 0.70, 1.05 and 1.40
Groove depth (mm) 2.5
Groove length (mm) 100

2. Experimental procedure

Commercially available pure copper plates of 100 mm length, 50 mm width and 6 mm thickness
were used in this study. The optical photomicrograph of as received copper plate is shown in
figure 1a. A groove was made in the middle of the plate using wire EDM and compacted with
B4C powder. The average size of B4C particles is 4 μm. The SEM photomicrograph of B4C
particles is shown in figure 1b. A pinless tool was initially employed to cover the top of the
groove after filling with B4C particles to prevent the particles from scattering during FSP. A tool
made of double tempered hot working steel as shown in figure 2 was used in this study. The tool
had a shoulder diameter of 20 mm, pin diameter of 5 mm and pin length of 3 mm. The FSP was

(a) (b)

(c) (d)

Figure 3. FSP procedure to fabricate surface composite: (a) cutting a groove, (b) compacting the groove
with ceramic particles, (c) processing using a pinless tool and (d) processing using a tool with pin.
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carried out on an indigenously built FSW machine as per the processing plan given in table 1.
The FSP procedure to produce surface composite is schematically shown in figure 3.

Two specimens were obtained from the centre of the friction stir processed plate and were
polished as per standard metallographic procedure. The polished specimens were etched with
a colour etchant containing 20 g chromic acid, 2 g sodium sulphate, 1.7 ml HCl (35%) in
100 ml distilled water. The digital image of the macrostructure of the etched specimen was
captured using a digital optical scanner. The microstructure was observed using a metallurgi-
cal microscope and a scanning electron microscope. The microhardness was measured using a
microhardness tester at 500 g load applied for 15 s at various locations in the surface composite.

3. Results and discussions

The typical crown appearance of friction stir processed copper with B4C particles is shown in
figure 4. The crown presents a smooth appearance without depressions or prominences. Semi-
circular features similar to those formed during the conventional milling process are seen. The
selected process parameters are sufficient to produce defect-free crown. The process parameters
were selected based on trial experiments. Some of the defects encountered in trail experiments
such as rough surface induced by insufficient plastic flow, tool dragging, incomplete bonding
and cracks are displayed in figure 5. It is essential to obtain a smooth crown appearance owing
to the fact that each surface irregularity in the crown leads to other kind of internal defects in the
surface composite.

3.1 Effect of tool rotational speed

The variation of macrostructure when tool rotational speed was increased from 800 rpm to
1200 rpm is presented in figure 6. The processing speed (40 mm/min) and groove width (0.7 mm)
were kept constant. It is evident from the figure and table 2 that the tool rotational speed greatly
influences the area of friction stir processed zone which contains the surface composite. When
tool rotational speed was increased, the area of surface composite increased. The area of surface
composite was measured using an image analysing software. The area of surface composite was
found to be 27 mm2 at 800 rpm and 39 mm2 at 1200 rpm.

The rubbing of the tool shoulder on the copper substrate generates frictional heat. The amount
of frictional heat generated is dependent on the tool rotational speed (Rajakumar et al 2011). The
frictional heat causes the copper to plasticize. The amount plasticized copper is dependent on the
available frictional heat. When the tool rotational speed increases, the frictional heat generated

Figure 4. Typical crown appearance of friction stir processed copper using B4C particles.
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(a)

(b)

(c)

(d)

Figure 5. Typical defects appeared in trial specimens: (a) rough surface induced by insufficient plastic
flow, (b) tool dragging, (c) incomplete bonding and (d) cracks.

increases. The amount of plasticized copper is subsequently increased. Therefore, the area of
surface composite increases when tool rotational speed is increased.

The effect of tool rotational speed on the microstructure of Cu/B4C surface composite is
shown in figure 7. The optical micrographs clearly reveal the distribution of B4C particles in the
copper matrix. The distribution is not uniform at 800 rpm due to the presence of agglomeration

(a) (b)

(c) (d)

(e)

Figure 6. Macrostructure of friction stir zone at tool rotational speed: (a) 800 rpm, (b) 900 rpm,
(c) 1000 rpm, (d) 1100 rpm and (e) 1200 rpm.
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Table 2. Effect of FSP parameters on the properties of copper surface composite.

Area of the surface Average grain Theoretical volume Actual volume
FSP parameter Value composite (mm2) size (μm) fraction (Vol. %) fraction (Vol. %)

Tool rotational 800 27 5 11.7 6.7
speed (rpm)∗ 900 30 6 11.7 5.8

1000 33 8 11.7 5.3
1100 37 10 11.7 4.7
1200 43 13 11.7 4.1

Traverse speed 20 47 14.5 11.7 3.7
(mm/min)∗∗ 30 41 11 11.7 4.3

40 33 8 11.7 5.3
50 29 6.5 11.7 6.0
60 24 4 11.7 7.3

Groove width 0 44 13 0.0 0.0
(mm)∗∗∗ 0.35 37 11.5 5.8 2.4

0.7 33 8 11.7 5.8
1.05 27 5.5 17.5 9.7
1.4 24 2 23.3 14.6

∗Traverse speed (40 mm/min) and Groove width (0.7 mm)
∗∗Tool rotational speed (1000 rpm) and Groove width (0.7 mm)
∗∗∗Tool rotational speed (1000 rpm) and Traverse speed (40 mm/min)

of B4C particles at several places. When tool rotational speed was increased, the agglomera-
tions gradually disappeared. The optical micrograph of surface composite fabricated at 1200 rpm
shows (figure 7e) excellent distribution of B4C particles. The SEM micrographs as presented in
figure 8 show the variation of microstructures as a function of tool rotational speed at higher mag-
nification. The average spacing between B4C particles increased when tool rotational speed was
increased. Tool rotational speed does two more functions apart from frictional heat generation.
Tool rotation stirs the plasticized materials as well as influences material flow behaviour across
the friction stir processed zone. The formation of agglomerations at 800 rpm can be attributed to
insufficient stirring and inadequate material flow from the advancing side to retreading side. The
B4C particles which were packed in the groove did not mix with the plasticized copper properly.
Hence, agglomerations were formed. When tool rotational speed increased, the amount of stir-
ring and material flow are increased. The friction stir processing zone where surface composite
is formed is subjected to high plastic strain. The high plastic strain and enhanced stirring shatter
the agglomerations into fine dispersion in the copper matrix. The optical and SEM micrographs
of the surface composite fabricated at 1200 rpm show agglomeration-free fine distribution of
B4C particles. It is evident from the micrographs that the tool rotational speed is an important
process parameter which significantly dictates the distribution of B4C particles.

The effect of tool rotational speed on the microhardness of Cu/B4C surface composite is
shown in figure 9. The microhardness decreased when tool rotational speed was increased. The
microhardness was found to be 175 Hv at 800 rpm and 132 Hv at 1200 rpm. The presence of
agglomerations causes a higher variation of hardness across the surface composite. The possi-
bility of indenter resting directly on the B4C particles increased due to agglomerations when
hardness measurement was carried out at even spacing. This leads to higher hardness at 800 rpm.
The decrease in hardness when tool rotational speed was increased can be attributed to the fol-
lowing. The increase in tool rotational speed breaks up agglomerations as discussed above. The
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(a) (b)

(c) (d)

(e)

Figure 7. Optical photomicrograph of Cu/B4C surface composite at tool rotational speed: (a) 800 rpm,
(b) 900 rpm, (c) 1000 rpm, (d) 1100 rpm and (e) 1200 rpm.

distribution of B4C particles becomes uniform at higher tool rotational speed. Since the area of
surface composite concurrently increases, it results in an overall drop in volume fraction of B4C
particles (table 2). Because, the same amount of B4C particles packed in the groove is to be dis-
tributed to more amount of plasticized copper. Therefore, the hardness of the surface composite
is lower at 1200 rpm.

3.2 Effect of processing speed

The variation of macrostructure when processing speed was increased from 20 mm/min to
60 mm/min is presented in figure 10. The tool rotational speed (1000 rpm) and groove width
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(a) (b)

(c)

Figure 8. SEM micrograph of Cu/B4C surface composite at tool rotational speed: (a) 800 rpm,
(b) 1000 rpm and (c) 1200 rpm.

(0.7 mm) were kept constant. It is evident from the figure and table 2 that the processing speed
greatly influenced the area of surface composite. When processing speed was increased, the area
of surface composite decreased. The area of the surface composite was found to be 45 mm2 at
20 mm/min and 23 mm2 at 60 mm/min. The processing speed determines the residing time of
the frictional heat (Mishra & Ma 2005). When processing speed is increased, the residing time of
the frictional heat is decreased. The residing time is high at low processing speed of 20 mm/min.
Hence, more amount of copper is plasticized leading to higher area of surface composite. When
processing speed is increased, the amount of plasticized copper is decreased due to reduced
availability of frictional heat. The area of surface composite is subsequently reduced.

The effect of processing speed on the microstructure of Cu/B4C surface composite is shown
in figure 11. The optical micrograph of surface composite fabricated at 20 mm/min shows
(figure 11a) homogeneous distribution of B4C particles. The distribution is not uniform
(figure 11e) at 60 mm/min due to the presence of agglomeration of B4C particles at several
places. When processing speed was increased, the agglomerations gradually increased. The SEM
micrographs as presented in figure 12 show the variation of microstructures as a function of pro-
cessing speed at higher magnification. The average spacing between B4C particles decreased
when processing speed was increased. The processing speed determines the available stirring of
tool and affects the transportation of material from advancing side to retreading side. The avail-
able stirring is more at processing speed of 20 mm/min which results in higher plastic strain. The
uniform distribution of B4C particles as seen in the micrographs (figures 11a–b) can be attributed
to intense stirring and sufficient material flow which reduces the possibility of formation of
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Figure 9. Effect of tool rotational speed on microhardness variation of Cu/B4C surface composite.

agglomerations. When processing speed increases, the material flow between advancing side and
retreading side becomes inadequate. Proper mixing of plasticized copper and B4C particles does
not place which aids the formation of agglomerations.

The effect of processing speed on the microhardness of Cu/B4C surface composite is shown
in figure 13. The microhardness increased when processing speed was increased. The microhard-
ness was found to be 130 Hv at 20 mm/min and 190 Hv at 60 mm/min. The lower microhardness
at 20 mm/min can be attributed to drop in volume fraction of B4C particles despite uniform
distribution. The formation of agglomerations results in higher microhardness when processing
speed is increased.

(a) (b)

(c) (d)

(e)

Figure 10. Macrostructure of friction stir zone at processing speed: (a) 20 mm/min, (b) 30 mm/min,
(c) 40 mm/min, (d) 50 mm/min and (e) 60 mm/min.
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(a) (b)

(c) (d)

(e)

Figure 11. Optical photomicrograph of Cu/B4C surface composite at processing speed: (a) 20 mm/min,
(b) 30 mm/min, (c) 40 mm/min, (d) 50 mm/min and (e) 60 mm/min.

3.3 Effect of groove width

The variation of macrostructure when groove width was increased from 0 mm to 1.4 mm is pre-
sented in figure 14. The tool rotational speed (1000 rpm) and processing speed (40 mm/min)
were kept constant. It is evident from the figure 14 and table 2 that the groove width influenced
the area of surface composite to a certain extent. When the groove width was increased, the area
of surface composite decreased. The area of the surface composite was found to be 44 mm2 at
0 mm and 24 mm2 at 1.4 mm. The reduction in area of the surface composite can be explained
as follows. The increase in groove width contributes to two factors: (i) increases the amount
of B4C particles and (ii) reduces the amount of available copper for plasticization. When the
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(a) (b)

(c)

Figure 12. SEM microgaph of Cu/B4C surface composite at processing speed: (a) 20 mm/min,
(b) 40 mm/min and (c) 60 mm/min.

amount of B4C particles increases, it leads to increase in flow stress of the plasticized compos-
ite. Because the non-deformable B4C particles offer resistance to the free flow of plasticized
copper. In addition to this, the reduction in available copper boosts the volume fraction of B4C
particles nonlinearly in the surface composite. The net result is a higher flow stress of the surface
composite. Therefore, the area of the surface composite reduces when groove width is increased.

The effect of groove width on the microstructure of Cu/B4C surface composite is shown in
figure 15. Groove width zero refers to friction stir processed copper. The optical micrograph of
friction stir processed copper is shown in figure 15a which displays dynamic recrystallized cop-
per. The optical micrographs as shown in figures 15b–e show the uniform distribution of B4C
particles irrespective of groove width studied in this work. The SEM micrographs as presented
in figure 16 show the variation of microstructures as a function of groove width at higher magni-
fication. The number of particles increase as well as the spacing between particles reduces when
groove width is increased. The uniform distribution of B4C particles can be attributed to ade-
quate generation of frictional heat, stirring and plasticized material flow across the friction stir
processed zone. Mild agglomerations were also observed at few locations. The volume fraction
of B4C particles increases when groove width is increased. Subsequently the number of B4C
particles increases and the spacing between particles decreases.

The effect of groove width on the microhardness of Cu/B4C surface composite is shown in
figure 17. The microhardness increased when groove width was increased. The microhardness
was found to be 80 Hv at 0 mm and 195 Hv at 1.4 mm. The reinforcement of B4C parti-
cles increases the dislocation density of copper. The interaction between B4C particles and
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Figure 13. Effect of processing speed on microhardness variation of Cu/B4C surface composite.

(a) (b)

(c) (d)

(e)

Figure 14. Macrostructure of friction stir zone at groove width: (a) 0 mm, (b) 0.35 mm, (c) 0.70 mm,
(d) 1.05 mm and (e) 1.4 mm.

dislocations increases the microhardness of the composite. Hence, microhardness increases
when groove width is increased from 0 mm to 0.35 mm. As presented in table 2, the volume
fraction of B4C particles increases when the groove width is increased. This leads to more num-
ber of dislocations in the copper. This results in higher interactions between B4C particles and
dislocations which further increases microhardness.

3.4 General discussion

The general features observed in figures 6–17 are discussed in this section. The macrostructure
of Cu/B4C surface composites does not have any defects as shown in figures 6, 10 and 14. The
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(a) (b)

(c) (d)

(e)

Figure 15. Optical photomicrograph of Cu/B4C surface composite at groove width: (a) 0 mm,
(b) 0.35 mm, (c) 0.70 mm, (d) 1.05 mm and (e) 1.4 mm.

vigorous stirring action of the rotating tool causes an interaction between the plasticized copper
and packed B4C particles which results in the formation of surface composite. The amount of
plasticized material and subsequent material flow behaviour play a crucial role to obtain defect
free surface composite. The frictional heat generated during processing and the tool movement
governs the amount of plasticized material and material flow. The frictional heat and tool move-
ment are dependent on the process parameters such as tool rotational speed, processing speed and
groove width. The selected process parameters in this study form a feasible processing window
to fabricate sound Cu/B4C surface composites.

It is evident from table 2 that the actual volume fraction of B4C particles is lesser compared to
theoretical volume fraction irrespective of the process parameters employed in this study. This
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(a) (b)

Figure 16. SEM micrograph of Cu/B4C surface composite at groove width: (a) 0.70 mm and (e) 1.4 mm.

Figure 17. Effect of groove width on microhardness variation of Cu/B4C surface composite.

can be attributed to higher amount of plasticized copper at the selected FSP parameters compared
to theoretically available copper.

The B4C particles refined the grains of copper. The average grain size of copper as shown in
figure 2 is about 30–35 μm measured using a linear intercept method. The average grain size of
copper in the surface composite is less than 5 μm. The grain refinement can be attributed to the
pinning effect of B4C particles which impede the grain growth by suppressing grain boundary
sliding. Further, dynamic recrystallization during FSP creates new nucleation sites which results
in smaller grains.

The B4C particles are subjected to the severe plastic flow of copper. Several investigators
observed a change in the size and morphology of ceramic particles during FSW (Marzoli et al
2006; Amirizad et al 2006; Ceschini et al 2007; Feng et al 2008; Pirondi and Collini 2009).
The variation of B4C particles size in the surface composite as seen in figures 8, 12 and 16 is
minimum and negligible. The variation in the morphology of the B4C particles before (figure 1)
and after (figures 8, 12 and 16) FSP is negligible. These observations lead to a conclusion that the
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B4C particles retain the initial size and morphology without undergoing fragmentation during
FSP. This can be attributed to the initial morphology and size of B4C particles which have a
minimum number of sharp edges and less than 5 μm in size.

The interface between B4C particles and copper matrix appears (figures 8, 12 and 16) to be
clean and is not surrounded by any voids or reaction products. Barmouz et al (2011b) observed
a lot of porosities around SiC particles in the Cu/SiC surface composite fabricated using FSP
technique. Frage et al (2004) noticed reaction products around SiC particles in the Cu/SiC com-
posite fabricated using the liquid metallurgy route. No porosity or reaction products can be seen
in the higher magnification micrographs of the Cu/B4C surface composite around B4C particles
which confirms the presence of pure interface. The absence of porosity can be attributed to good
wettability between copper and B4C particles and sufficient flow of plasticized copper during
FSP at the selected process parameters. A pure interface provides good bonding between B4C
particles and copper matrix.

The microhardness of as received copper was measured to be 78.8 Hv. It is evident from
figures 9, 13 and 17 that the incorporation of B4C particles enhanced the microhardness of the
fabricated surface composite which can be attributed to the following; (i) B4C particles refine
the crystal grains of copper, (ii) the dispersion of B4C particles all over the Cu matrix and (iii)
good bonding between B4C particles and copper matrix.

4. Conclusion

In the present work, Cu/B4C surface composites were fabricated using the novel method FSP
and the effect of tool rotational speed, processing speed and groove width on microstructure and
microhardness were analysed. The conclusion derived from the present work can be summarized
as follows:

• Defect-free and sound surface composites were fabricated within the range of selected
parameters which formed a processing window for fabricating Cu/B4C surface composites
using FSP. The frictional heat generated and flow of plasticized copper was adequate which
yielded defect free composites.

• The area of the surface composite was significantly influenced by the selected process
parameters. The area of the surface composite increased when tool rotational speed was
increased due to increase in frictional heat generation. The area of the surface composite
reduced when processing speed was increased because of reduction in frictional heat gen-
eration. The area of the surface composite reduced when groove width was increased due
to increase in flow stress of plastized copper.

• The distribution of B4C particles in the surface composites was influenced by tool rota-
tional speed and processing speed. Lower tool rotational speed and higher processing speed
resulted in poor distribution of B4C particles and vice versa. The increase in groove width
did not affect the distribution of B4C particles in a significant manner.

• The B4C particles refined the grains of copper because of its pinning effect. The interface
between B4C particles and copper matrix was clean without the presence of any voids or
reaction products. The absence of porosity can be attributed to good wettability between
copper and B4C particles and sufficient flow of plasticized copper during FSP at the selected
process parameters.

• The B4C particles retained the original size and morphology subsequent to FSP. Because,
the initial morphology B4C particles had minimum number of sharp edges and finer in size.
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• The microhardness of the surface composites was influenced by the selected process param-
eters. The microhardness of the surface composite decreased when tool rotational speed was
increased. The microhardness of the surface composite increased when processing speed
and groove width were increased. The microhardness variation was attributed to the change
in the distribution and actual volume fraction of B4C particles.
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