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Abstract A study of hot pressed B,C-based laminates,
after rolling and without rolling, has been performed to
elucidate the existence of fracture resistance/crack length
anisotropy induced by this processing technique. While the
crack lengths/fracture resistance was affected significantly
by the presence of the residual stresses in B4C/B4,C—ZrB,
laminates, no differences in Vickers crack lengths were
observed in B,C/B4C laminates prepared by rolling and hot
pressing, as compared to the crack lengths seen in pure B,C
ceramics prepared by hot pressing without rolling. X-ray
diffraction analysis confirmed that no texture has been
formed during the rolling and hot pressing of B,C
ceramics.

Introduction

Ceramics offer a number of attractive properties, including
high specific stiffness, high specific strength, low thermal
conductivities, and chemical inertness in many environ-
ments. Ceramics and ceramic composites are attractive
materials for use in armor systems due to low density,
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superior hardness, and high compressive strength values
relative to metals [1-3]. Ceramic laminates with strong
interfaces, combined with excellent fracture toughness and
damage tolerance, can potentially provide an even better
ballistic performance than traditional single phase ceramics
or particulate ceramic composites.

One of the most important lightweight body armor
materials is boron carbide-based ceramic composites [4, 5
Polycrystalline B4C ceramics have high hardness in the
range of 32-35 GPa [6-8], a high Young’s modulus in
the range of 430-450 GPa [9], and a bending strength in the
range of 400-600 MPa [10]. Room temperature isotropic
elastic moduli of B4C show that its bulk, shear and Young’s
moduli are substantially higher than those of most solids.
Consequently, B4C belongs to the so-called strong solids
classification. Conversely, B,C ceramics have a relatively
low fracture toughness of 2.8-3.3 MPa m'”? [11]. Thereis a
possibility of a significant increase in the apparent fracture
toughness (up to 8.2 MPa m"? or higher) via design of
residual stresses in multilayered B4C-based composites [12,
13]. Non-linear stress—strain behavior of B4,C/ B,C laminates
with weak interfaces was reported earlier in [14]. A decrease
in brittleness has great potential for the realization of
improved armor material systems.

It was recently reported that B,C single crystals exhibit
a strong anisotropy of the elastic constants [15]. The elastic
constants for B4C single crystals were determined
in the coordinate system where x; was parallel to [1010]
crystallographic direction, x, was parallel to [1210] crys-
tallographic direction, and x; was parallel to [0001]
crystallographic direction. The reported values of room
temperature elastic constants for B4C single crystals are
c11 = 54281, c33 = 534.54, c13 = 63.51, ¢ = 130.59,
and cyq = 164.79 GPa. Accordingly, the maximum ratio of
elastic constants ¢y, and c3 is equal to 8.55. Based on the
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analysis of Cauchy’s relationships, Poisson’s ratios, and
elastic anisotropic factors for the single crystal elastic
constants, it was concluded that B4C is more anisotropic in
elasticity and interatomic bonding than most solids.
Anisotropy of elastic properties, if detected, should result
in differences in the mechanical properties of boron carbide
ceramics and can significantly affect the ballistic perfor-
mance of the material. The ballistic performance depends
on the hardness and elastic modulus of the material,
therefore materials with low elastic modulus will under-
perform relative to the materials with high elastic modulus.
In this way anisotropy can significantly affect the ballistic
performance and other mechanical properties.

It is important to know if anisotropy can be introduced
into the polycrystalline B4C composites via different
manufacturing procedures, such as rolling or hot pressing.
It was reported that rolling and hot pressing induced texture
in Si3N, laminates, which resulted in anisotropy in the
fracture toughness values [16]. It is known that the contact
pressure in the deformation zone during rolling can be very
high; therefore, the texturing of the polycrystalline B4C can
occur during rolling. If texturing occurs with the prefer-
ential alignment in the direction, which has the lowest c;3
elastic constant, it will dramatically affect both ballistic
performance and fracture toughness of the material.

The goal of the present research is to determine if there
is any anisotropy in the fracture resistance of B,C ceramics
introduced during manufacturing processes such as rolling
and hot pressing. To achieve this goal, both hot pressed
B4,C ceramics without rolling and B4C/B4C laminates
prepared by rolling and hot pressing without thermal
residual stresses were investigated. For comparison B4C/
B4C-30 wt%ZrB, with thermal residual stress and B,C—
30 wt%SiC/B4,C-30 wt%SiC laminates without thermal
residual stresses have been also tested.

Experimental

Three types of the laminates, (1) B4C/B4C, (2) B4,C-
30 wt%SiC/B,C-30 wt%SiC, and (3) B4C/B4C-30 wt%
ZrB,, have been produced using the techniques described
in detail elsewhere [17]. In the case of the first two com-
positions, all layers have been prepared with the same
composition. For the first laminate, it is pure B4C com-
position, for the second laminate it is B4C-30 wt%SiC
composition. In the case of the third laminate the layers
were made using two compositions—pure B4,C and B,C—
30 wt%ZrB,. The main manufacturing steps included
grinding of raw powders, plasticizing ground powders with
a crude rubber, rolling of ceramic tapes, stacking tapes
together, and hot pressing of laminates. The hot pressing
conditions were as follows: a heating rate of 100 °C/min, a

hot pressing temperature of 2170 °C, a pressure of 30 MPa,
and a dwell time of 1 h. As a result, dense laminate sam-
ples (98-99% relative density) were obtained and further
machined into 4.5 x 5 x 45 mm® bars for four-point
bending experiments. During hot pressing of the laminates,
shrinkage of the individual layers occurred, and the
resulting thicknesses were about 0.15 mm post-pressing.
The interfaces between individual layers of the same
composition completely disappeared during hot pressing.
The main manufacturing steps for B,C ceramics without
rolling included grinding of raw powders and hot pressing.
The hot pressing conditions were the same as previously
described for the laminates.

Standard X-ray diffraction technique has been used to
evaluate the phase composition of the materials and estimate
if any texture appears as a result of processing steps [18].

Fracture resistance was measured by an indentation
technique. Indent locations on the sample surface are
shown in Fig. 1a. It follows from Fig. 1a that a top face is
perpendicular to the hot pressing direction and parallel to
the rolling direction, while a side face is parallel to the
hot pressing direction. The indentation of surfaces was
done in a way to produce cracks in planes parallel and
perpendicular to the hot pressing direction. Twenty
impressions have been made on the faces of the B,C/ B,C
laminates and the B4C ceramics without rolling. Care was
taken to place the impressions far enough away from each
other to ensure no interactions occurred between cracks
generated from the corners of each Vickers impressions.
Spatial resolution of the microhardness tester was about
1 um, which creates an uncertainty of about 10% for the
hardness value. Digital images of micrographs obtained
from an optical microscope at a magnification of 100x
were used for calculations. Measurement accuracy was
about 0.12 um resulting in 0.5% accuracy of measured
fracture resistance and hardness values. Hardness H [GPa]
was calculated using following equation

1854P
==z (1)

where P is the indentation load (N) and d is the diagonal
(um) of a Vickers indent [19]. The fracture resistance was
calculated as

E\'? P
7) )

Kg = 0.016<

where E is the Young’s modulus, H is the hardness, and c is
the crack length from the center of impression to the crack
end [20].

Elastic modulus and strength were determined from load
displacement plots that were recorded in four-point bend-
ing tests. Displacement was measured using a special three-
point deflection gauge. Specimens were loaded parallel and
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perpendicular to the rolling plane to reveal possible dif-
ferences in mechanical properties (Fig. 1b, ¢). The strength
and elastic modulus were then determined using standard
procedure EN 843-1/EN 843-2 [21, 22]. Fracture surfaces
of B,C/B4C laminates fractured parallel and perpendicular
to the hot pressing direction were investigated by scanning
electron microscopy.

Results and discussion

Indentation crack length anisotropy was observed in B4C/
B,C-30 wt%ZrB, laminates manufactured by rolling and
hot pressing techniques. The micrograph of the Vickers
impression placed in the center of thin B4C layer is shown in
Fig. 2. It is possible to see differences in the crack lengths
originating from the corners of the Vickers impression, and
extending in directions parallel and perpendicular to the
interface. As a result, a significant difference in calculated
fracture resistance values (5.8 &+ 0.9 MPa m'? for cracks
perpendicular to the interface and parallel to the hot
pressing direction, and 2 4 0.7 MPa m'? for cracks par-
allel to the interface and perpendicular to the hot pressing
direction), using the same elastic modulus value for the
calculations in both directions, is reported. Crack anisot-
ropy can be caused by the existence of thermal residual
stresses introduced during the cooling of the laminate due to
the mismatch in the coefficients of thermal expansion of
B,4C and B4C-30 wt%ZrB, layers. However, the rolling and
hot pressing can also introduce elastic anisotropy and, as
result, fracture resistance anisotropy in the B4C ceramics.
These processes will also affect the crack length of the
materials due to the differences in the stiffness and fracture
resistance of the B4C in different directions.

To determine what other parameters, besides thermal

Fig. 1 A schematic presentation of the indent locations on the sample

(a) and the sample orientation for four point bending tests (b and ¢) residual stresses, can affect the crack length of Vickers

Fig. 2 Indentation cracks on a
side face of the B,C/B,C—ZrB,
laminate. Note the difference in
the length of Vickers cracks

Cracks perpendicular to layer
interfaces and parallel to the hot
pressing direction

Cracks parallel to layer interfaces
and perpendicular to the hot
pressing direction

parallel and perpendicular to the
layer interfaces e

: —————
. 200'microns
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Fig. 3 Indentation cracks on g

the §ide fac:e of rolled B4§/B4C Crack parallel to hot N Crack
laminate without compositional pressing direction gk perpendicular to hot
gradient. No difference in the p-pa ‘. . <>.| pressing direction

crack length after indentation
was noticed

impressions, indentation tests were performed on the hot
pressed B4C ceramics prepared both with and without
rolling. The typical Vickers impression on the side surface
of rolled B,C/ B,4C laminate without compositional gradient
is shown in Fig. 3. It is possible to see in Fig. 3 no signif-
icant anisotropy of the crack length was observed in the
laminates. In other words, no thermal residual stresses were
present after cooling the hot pressed sample from 2473 K to
room temperature. Hardness and fracture toughness mea-
surements performed on the three different surfaces of the
hot pressed and rolled samples are summarized in Table 1.
As follows from Fig. 1 and Table 1, the impression placed
into the top face produced cracks in planes only parallel to
the hot pressing direction, while the impression placed into
the side surface generated cracks in planes parallel and
perpendicular to the hot pressing direction. Therefore, there
are indentation cracks on different faces produced in a
parallel plane, but no significant difference in fracture
resistance was detected for any of the cracks. Both fracture
resistance and hardness of B,C ceramics and B,C/ B,C
laminate have very similar values to those reported in the
literature [7, 9, 11].

The Young’s modulus of B4C/ B4C laminates was
measured using the four-point bending technique. The
laminates exhibited ordinary linear deformation behavior.
The laminate ceramics were loaded in two different ways.
In the first case, when the fracture started from the top

«~ 40 nllicro.l.lg

surface (Fig. 1b) the Young’s modulus was equal to
442 + 19 GPa (+presents the standard deviation of the
measurements). In the second case when the fracture
started from the side surface (Fig. 1c) the Young’s modu-
lus was equal to 486 + 35 GPa. The strength values for
both cases were 529 4 38 MPa and 478 + 46 MPa,
respectively.

To verify that the mechanical properties do not depend
on the hot pressing and rolling directions, the four-point
bending tests were also performed on different B,C—
30 wt%SiC/B4,C-30 wt%SiC laminates. In the case of
loading parallel to the hot pressing direction (Fig. 1b)
elastic modulus was 443 4+ 8 GPa and in the case of
loading perpendicular to the hot pressing direction
(Fig. 1c) elastic modulus was equal to 441 + 17 GPa. The
strength values for both cases were measured to be
469 + 96 MPa and 548 £ 61 MPa, respectively.

The fractured surfaces of B,4C/B,C laminates which
fractured perpendicular and parallel to the hot pressing
direction are shown in Fig. 4a and b. In both B,C/B,C and
B4C-30 wt%SiC/B,C-30 wt%SiC laminates it was not
possible to detect interfaces between rolled layers after hot
pressing. A fully transgranular fracture mode was observed
in both cases, with most of the grains retaining the equi-
axial shape (Fig. 4c). The grain size was in the range of
3—-6 um. The majority of the grains had a smooth fracture
surface without any cleavage. However, certain grains did

Table 1 Fracture toughness in

172

different planes of B,C/B,C Sample ISS:S:) i zgfr)(;r)less Fracture toughness ( MPa m™"*)
laminate sample Plane A Plane B Plane C
(parallel to (perpendicular (parallel to
hot pressing to hot pressing hot pressing
direction) direction) direction)
Not rolled Top face B 31 £2 2.6 £0.2 3+04
Side face A 31+2 26 +£0.3 27 +£02
Small face C 32+2 25+03 26 £0.5
Rolled Top face B 29£1 3+£07 331
Side face A 29+2 25+04 28 +£0.3
Small face C 29+2 25+05 244+03
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Fig. 4 Fracture surfaces of
B4C/B4C laminates fractured
parallel and perpendicular to the
hot pressing direction. (a) a
sample fractured parallel to the
hot pressing direction; (b) a
sample fractured perpendicular
to the hot pressing direction; (c¢)
a fracture surface of B,C/B,C
laminates; (d) a fracture surface
showing a twinned B,C grain
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Fig. 5 XRD patterns of rolled B4C/B,C laminates taken from the top
(a) and side (b) faces of a bending bar
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exhibit cleavage steps and in some grains twinning was
also detected (Fig. 4d). A small amount of intergranular
porosity was present in the triple points of the grain
boundary (Fig. 4c). Some insignificant amount of closed
porosity within the B4C grains has also been observed.
XRD patterns of B4C/B4C laminates, taken from the top
and side surfaces of a bending bar, are presented in Fig. 5,
and they correspond to the rhombohedral B4C structure
published in other works [23, 24]. A small amount of C
impurity was also detected. One can see there is no
remarkable difference between the patterns, which indi-
cates that no crystallographic texture is present in the
samples. This serves as an additional evidence for the
absence of anisotropy in mechanical properties [23].

Conclusions

No crack length anisotropy was found in rolled B4C/B4C
and B4C-30 wt%SiC/ B4C-30 wt%SiC layered compos-
ites without a compositional gradient. Further, XRD
analysis does not show crystallographic texture formation
in B4,C/B4,C laminates after rolling and hot pressing.
Therefore, it is possible to conclude that the Vickers crack
length anisotropy in B4C/B4C-30 wt%ZrB, is a result of
the thermal residual stresses originated during the cooling
of the composite due to differences in the thermal expan-
sion coefficients between the layers of the laminate.
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