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Abstract

A novel adhesive for carbon materials composed of phenol–formaldehyde resin, boron carbide and fumed silica, was
prepared. The adhesive property of graphite joints bonded by the above adhesive treated at high-temperatures was tested.
Results showed that the adhesive was found to have outstanding high-temperature bonding properties for graphite. The
adhesive structure was dense and uniform even after the graphite joints were heat-treated at 1500 �C. Bonding strength was
17.1 MPa. The evolution of adhesive structure was investigated. The results indicated that the addition of the secondary
additive, fumed silica, improved the bonding performance greatly. Borosilicate phase with better stability was formed
during the heat-treatment process, and the volume shrinkage was restrained effectively, which was responsible for the
satisfactory high-temperature bonding performance of graphite.
� 2005 Elsevier B.V. All rights reserved.

PACS: 82.35Gh
1. Introduction

With the advancement of the research in fusion,
aerospace, metallurgy and other fields, high-temper-
ature materials are being more and more widely
used. Carbon material is one of the most important
high-temperature materials due to its outstanding
thermal and physical properties. Their brittleness,
however, cause many difficulties during the produc-
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tion or machining of carbon material components
with large size or complex shape. One of the effective
and reliable methods is the joining technique. Many
conventional methods such as riveting/bolting,
threading, welding, brazing and so on [1–6], are used
in the past for the joining of carbon materials. As to
the riveting or bolting, drilling some holes in the
materials and the excessive rivet force often causes
the degradation of the joint. Although their machin-
ing precision is high, there often appear breakages of
threaded joints. Welding, brazing and other methods
need costly metals to activate the inert surface of the
.

mailto:jigangwang@seu.edu.cn


Table 1
Properties of graphite materials for bonding

Character Density
(g/cm3)

Flexural
strength (MPa)

Compressive
strength (MPa)

Isotropic 1.8 25 46
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carbon materials [7–9]. The joining of carbon mate-
rials is still a research focus [10,11].

The high-temperature adhesives (HTAs) are one
of the most promising methods because the loading
is borne by the whole bonding plane besides its
convenient process [12]. Conventional HTAs are
inorganic adhesives, especially the ceramic adhe-
sives for their satisfactory heat-resistance. Because
of the poor joining strength of the inorganic adhe-
sives, they are always combined with other joining
methods. In addition, the inorganic adhesives often
restrain the exertion of the thermal and physical
properties of the carbon materials. As a result, the
application of the HTAs is limited to some extent.

The organic resin will convert into amorphous
carbon with high heat-resistance and physicochemi-
cal compatibility to carbon materials to be joined.
Recently, some new types of HTAs using organic
resin as matrix are developed [12–14]. In our
previous works, an HTA using phenol–formalde-
hyde resin as matrix and boron carbide as additives
is prepared [15]. In this paper, a novel HTA is
prepared by means of the addition of fumed silica,
super-fine silicon dioxide, based on the above
HTA. Compared with the primary adhesive, this
novel adhesive exhibits improved adhesive proper-
ties. And the bonding structure experiencing high
temperatures still keeps dense and uniform com-
pared with that of joints bonded by the primary
adhesive.

2. Experimental procedures

2.1. Raw materials

The phenol–formaldehyde (PF) resin with ther-
mosetting property was selected as adhesive�s
matrix. The viscosity of the resin was 1.53 Pa s,
and the solid content was 80 ± 3%. The carbon res-
idue of the PF resin after being treated at 900 �C
was 46.5%. As the starting materials, boron carbide
(B4C) powder had the size of 2.5–3.5 lm and the
purity of 85%. The fumed silica (SiO2) with the size
of 20–40 nm and the purity higher than 99.5% was
used as the secondary additive. Some properties of
the graphite substrates to be bonded are listed in
Table 1 [15].

2.2. Preparation of HTA and graphite specimens

The novel HTA was prepared using PF resin as
matrix and ceramic powders, a mixture composed
of B4C and fumed silica, as additives. For compar-
ison, the pure PF resin and the primary HTA com-
posed of PF resin and B4C were also used to bond
graphite substrates. For convenience, the HTAs
were abbreviated as PF + B4C and PF + B4C +
SiO2, respectively.

Graphite substrates were cut into cuboids and
bonded by the above HTAs. The detailed proce-
dures are consistent with Ref. [15]. The bonded
graphite joints were heat-treated at different temper-
atures ranging from 400 �C to 1500 �C, and all
bonded specimens were heat-treated at a given tem-
perature for 2 h.

2.3. Testing and analysis

The bonding strength of graphite joints treated at
different temperatures was tested by using universal
testing machine at room temperature. The pressure
load was borne on the one part of the joints. And
the moving velocity of the indenting hammer was
1.5 mm/min with direction parallels to the adhesive
interface, namely the shear plane [15].

The Infra-red (IR) microscope with the type
of FTS-25PC was employed for the investigation
of the structure evolution of PF + B4C + SiO2

adhesive. A JEOL SJM-35C Scanning Electron
Microscope (SEM) system was also applied to
investigate the structural morphology of the de-
bonded section of the graphite joints.

3. Results and discussion

3.1. The bonding properties of HTA

The bonding strengths of the HTAs and the pure
PF resin are tabulated in Table 2. It can be seen that
all graphite joints treated at 200 �C have satisfactory
bonding strength. The failure-sites of these joints
are located in the graphite matrix, while the joint
zone still keeps scatheless due to the outstanding
adhesive properties of the PF resin. The data in
Table 2 also indicate an obvious difference of the
bonding strength with further increase of heat-treat-
ment temperatures. After being treated at 1500 �C,



Table 2
The bonding strength of the graphite joints bonded by pure PF resin and HTAs treated at different temperatures (MPa)

Adhesives The bonding strength of graphite joints treated at different temperatures (MPa)

200 �C 400 �C 600 �C 800 �C 1000 �C 1200 �C 1500 �C

PF resin Failure of graphite 7.7 2.8 1.6 – – 1.2
PF + B4C Failure of graphite 8.6 6.3 13.2 15.8 13.2 9.3
PF + B4C + SiO2 Failure of graphite 9.8 8.3 18.4 19.3 17.1 17.1

Fig. 1. IR transmission spectrum of PF + B4C + SiO2 adhesive
heat-treated at different temperatures (a) B4C reagent, (b) 200 �C,
(c) 800 �C, (d) 1000 �C, (e) 1200 �C and (f) 1500 �C.
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the PF resin�s bonding strength drops to 1.2 MPa
with the failure mode of cohesive breakage in the
bonding cement, while the modified HTAs still show
good bonding performance.

The data in Table 2 also show an obvious differ-
ence between the bonding strength of the specimens
bonded by PF + B4C and PF + B4C + SiO2 at
higher temperatures, especially above 800 �C. The
adhesive strength of PF + B4C + SiO2 is distinctly
higher than that of PF + B4C. Even when the
treatment temperature is high up to 1500 �C, the
bonding strength of graphite joints bonded by
PF + B4C + SiO2 still keeps a rather high level of
17.1 MPa, and demonstrates the satisfactory effect
of the addition of fumed silica.

3.2. The structural evolution of the HTAs

By means of the IR analysis, the structure evolu-
tion of PF + B4C + SiO2 is investigated, and the
spectrum of the above HTA heat-treated at different
temperatures is listed in Fig. 1. Because no standard
pattern of B4C is provided, the B4C reagent is ana-
lyzed separately (Fig. 1(a)). According to Fig. 1(a),
1076 cm�1, 843 cm�1, 702 cm�1 and 605 cm�1 can
be attributed to the characteristic peaks of B4C
additive. Although the added amount of the fumed
silica is much less than that of B4C, the peaks at
752 cm�1 and 428 cm�1, which originate from the
characteristic absorption of Si–O–Si bond, are still
shown on the IR patterns (Fig. 1(b)). Besides, it is
worth noting that the peak at 1076 cm�1, the char-
acteristic absorption of B4C, shifts to 1068 cm�1.
Because the stretching vibration of Si–O usually
appears at 1060 cm�1 with a strong absorption,
one can confirm that the absorption shift from
1076 cm�1 to 1068 cm�1 is the result of superposi-
tion of the above two characteristic absorptions. It
can be seen from Fig. 1(b) that the organic groups
of PF resin (1593 cm�1, 1510 cm�1, 1475 cm�1,
1454 cm�1, 1211 cm�1, etc., which represent
aromatic rings, C–H bond, and phenolic hydroxyl,
respectively) are clearly shown after being cured at
200 �C. At 200 �C, all adhesives possessed outstand-
ing bonding strength due to the excellent adhesive
performance of the PF resin.

With further increasing of heat-treatment tem-
perature, distinct differences of the bonding strength
are shown according to different adhesives. When
the heat-treatment temperatures increase from
200 �C to 800 �C, the peaks of organic groups
almost disappear. Such results indicate that some
organic groups are decomposed and released out
from the bonding cement in the form of CH4, CO,
CO2, H2O and so on, and the PF resin nearly con-
verts into amorphous carbon [16]. So, the bonding
strength of pure PF resin is only 1.6 MPa at
800 �C mainly due to the drastic volume shrinkage.



Table 3
The viscosity values of B2O3 at different temperatures [19,20]

Temperature (�C) 600 700 750 800 900 1000 1100 1115
Viscosity (Pa s) 480 85 43.6 26 12 7.4 4.3 3.5
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As to the modified HTAs, data in Table 2 show
that the graphite joints still posses satisfactory
bonding strength at higher temperatures. Because
of the addition of fillers, the relative amount of resin
is reduced, which benefits in decreasing the volatili-
zation loss of small molecules. Besides, it is worth
pointing out that the characteristic peak of B2O3,
the wide absorption at 1410 cm�1, appears at
800 �C (Fig. 1(c)). The appearance of B2O3 demon-
strates the occurrence of the modification reactions
between B4C and the resin�s volatiles, and the
gradual exertion of modification effects occurs at
elevated temperatures. The modification reactions
can be expressed as follows [17]:

B4CðsÞ þ 6COðgÞ ¼ 2B2O3ðlÞ þ 7CðsÞ
B4CðsÞ þ 6H2OðgÞ ¼ 2B2O3ðlÞ þ CðsÞ þ 6H2ðgÞ

Due to the modification reactions, some volatiles
convert into amorphous carbon and remain in the
bonding cement [15]. So the integrity of the skeleton
of adhesive cement, namely the resin carbon, is
improved effectively. Besides, the reference indi-
cated that the chemical bonding force might be
introduced at bonding interface because of the satis-
factory wetting ability of B2O3 to graphite [18]. So,
compared to pure PF resin, the bonding strength of
HTAs is progressed obviously. When the heat-treat-
ment temperature reaches 1000 �C, Fig. 1(d) shows
that the absorption peak of [BO3] at 1410 cm�1

increases markedly. This illustrates that the oxida-
tion reaction of B4C, namely the modification reac-
tion, continues to occur to some extent. This result
is consistent with our previous result [15]. The
increasing of B2O3 benefits in the enhancement of
the chemical bonding force between the bonding
cement and graphite substrate [18]. So the bonding
strength of modified HTAs keeps on increasing
and reaches 15.8 MPa and 19.3 MPa, respectively.

But when the treatment temperatures are above
1000 �C, data in Table 2 show that the bonding
strength of PF + B4C decreases again. From
Fig. 1, it can be seen that, when the temperatures
are above 800 �C [16], there is little change of amor-
phous carbon, which is the carbonization produc-
tion of resin. So the re-appearance of volume
shrinkage is mainly due to the volatilization and
thermal reduction of B2O3 by carbon. Table 3 lists
the viscosity values of B2O3 at different tempera-
tures [19,20]. With the decrease of viscosity at the
elevated temperatures, the volatilization loss veloc-
ity of B2O3 increases. Besides, the thermal reduction
reactions occurring at higher temperatures will also
destroy the integrity of bonding structure. The main
mode of thermal reduction can be expressed as
follows: 2B2O3 + 7C = B4C + 6CO [15]. So there
exists a demand to further improvement of the
HTAs properties if the adhesive structures at high
temperatures can be controlled properly.

The fumed silica is a special modified material
with nano-size and exhibits a series of outstanding
properties due to its size effect. Because of the
particle strengthening effect of the fumed silica, the
mechanical property is increased effectively. Besides,
H-bonding force between PF resin matrix and
the fumed silica can be formed due to the active
Si–O function group on the surface of fumed silica.
In other words, the cohesive force of the adhe-
sive cement is strengthened at the initial bonding
process. As a result, the bonding strength of
PF + B4C + SiO2 is higher than that of PF + B4C
adhesive from the beginning.

The main aim of adding fumed silica is to modify
the microstructure of bonding cement at higher tem-
peratures. As to the satisfactory bonding strength of
PF + B4C + SiO2, one can confirm that some new
structures are formed in the novel adhesive cement,
being responsible for further improvement of the
high-temperature bonding properties. An evidence
is the disappearance of the absorption peak at
428 cm�1, which stands for the deformation bend-
ing vibration of Si–O–Si bond, on the IR spectrum
of 800 �C (Fig. 1(c)). The disappearance of peak at
428 cm�1 is probably caused by substituting boron
atom for silicon atom. Correspondingly, a new
adsorption peak at 931 cm�1, the characteristic
peak of „B–O–Si„, appears on the IR pattern
(Fig. 1(d)). This indicates that the fumed silica, the
super-fine SiO2, enters into the glassy structure of
[BO3]. In other words, a borosilicate composite
phase is formed in the adhesive structure.

When the heat-treatment temperature reaches
1200 �C, in addition to the existence of the



Fig. 4. The morphology of de-bonded section of graphite joints
bonded by PF + B4C + SiO2 at 1500 �C.

Fig. 3. The morphology of de-bonded section of graphite joints
bonded by PF + B4C at 1500 �C.
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characteristic absorption of „B–O–Si„ at
930 cm�1, it is worth noting that the absorption peak
of Si–O bond divides into two peaks, 1040 cm�1

and 1100 cm�1, on the IR spectra (Fig. 1(e)), namely
the red-shift and the blue-shift. The boron atom is a
kind of special atom with deficient-electron property
and it�s electron-negativity value is higher than that
of the silicon (2.0 and 1.8, respectively), so there
exists the electron attraction between [BO3] and
[SiO4] (Fig. 2). As a result, during the formation
of the borosilicate glass, the electron density of the
Si–O bond, which is close to the boron atom,
decreases to some extent, while that of the neighbor-
ing Si–O bond is increased. So the original absorp-
tion peak of Si–O bond divides into two peaks at
1100 cm�1 and 1040 cm�1, respectively. Such phe-
nomenon indicates the degree of formation of boro-
silicate glass progressing at 1200 �C. The viscosity,
stability and heat-resistance of glassy borosilicate
are higher than that of glassy borate [21], so the
bonding strength of graphite joints bonded by
PF + B4C + SiO2 is higher than that of PF + B4C
at higher temperatures (Table 2).

When the treatment temperature reaches 1500 �C,
the B–O�s characteristic peak at 1397 cm�1 and the
superposition absorptions peaks of B4C and fumed
silica at 1088 cm�1 are still existing with some
strength. Besides, the existence of Si–O–B at
931 cm�1 indicates that the partial borosilicate glass
still exists in the bonding cement to some extent.
Such phenomena illustrate the structure of graphite
joints bonded by PF + B4C + SiO2 adhesive keeps
a good relative stability in a wide temperature range.
Correspondingly, compared to the adhesive struc-
ture of PF + B4C treated at 1500 �C (Fig. 3) [15],
the de-bonded section�s morphology of graphite
joints bonded by PF + B4C + SiO2 still keeps dense
and uniform structure (Fig. 4).
Fig. 2. Electron attractive interaction between [BO3] and [SiO4].
4. Conclusion

The new HTA possesses satisfactory high-tem-
perature bonding properties for graphite. At the
heat-treatment temperature of 1500 �C, the bonding
strength of graphite joints is still 17.1 MPa with the
dense and uniform adhesive structure. The micro-
structural analysis indicates that the addition of
mixture additives, boron carbide and fumed silica,
improves the high-temperature bonding of graphite
effectively.

(1) Through some reactions of boron carbide
with volatiles released from resin, some parts may
be converted into amorphous carbon and remain
in the adhesive cement, so that the volume shrink-
age below 800 �C can be controlled effectively.
The formation of boron oxides also benefits in the
improvement of bonding properties through the
introduction of chemical bonding between adhesive
cement and graphite substrate.
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(2) The addition of the fumed silica improves the
graphite joints� bonding properties: the bonding
strength is improved due to the particle strengthen-
ing effect and the enhancement of cohesive force.
Moreover, borosilicate phase with better viscosity,
stability and heat-resistance is formed above
800 �C, and the adhesive structure still remains
dense and uniform even after the joints are treated
at 1500 �C.
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