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a b s t r a c t

Sandwich constructions composed of aluminum faces and a polymeric foam core generally have been
used for thermal insulation structures for buildings. However, when fires occur, these sandwich construc-
tions fail easily due to their low mechanical strength at high temperature and generate toxic gases during
burning. Therefore, phenolic resin composites have been tried recently for fire retarding structures
because of their low smoke generation level and good fire resistance due to the char generation on its
surface.
In this study, copper foil was adhesively bonded to glass/phenolic composite faces to develop a fire

retardant sandwich construction. To improve the adhesive bonding strength between the copper foil
and the glass/phenolic composite, the carbonized layer method was developed. The pre-cured phenolic
resin was carbonized and used as a primer. Finally, an optimum treatment condition of the carbonized
layer method for the copper foil and glass/phenolic composite was investigated.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Lightweight sandwich panels are widely adopted as structural
components for various applications in marine, aerospace, auto-
mobile, transportation, and building constructions [1]. Conven-
tional sandwich panels are composed of outer metal sheets and
an insulation core material. For the insulation core material, poly-
urethane and polystyrene generally have been used [2,3]. However,
conventional sandwich panels have low fire resistance because of
the inflammable core material. The flame spreads rapidly, and
the mechanical property of the conventional sandwich panels sig-
nificantly decreases at the high temperature under the fire situa-
tion. In addition, toxic gases, such as carbon monoxide and
hydrogen cyanide, are generated during burning [4–6]. Therefore,
conventional sandwich panels are not suitable as a fire retardant
construction.

In this study, a sandwich construction using phenolic resin was
newly developed to replace the conventional sandwich panels. To
ensure the safety of the sandwich panels in fire, it is composed
of an inner phenolic foam core and copper foil which was bonded
to the glass/phenolic composite face, as shown in Fig. 1. The glass/
phenolic composite provides the mechanical properties of the

panel and prevent the spreading of the flame [7,8]. Composites
using phenolic resin have been proposed for fire retarding struc-
tures because of its low smoke generation level and high fire resis-
tance due to the char generation on its surface [9,10]. In addition,
phenolic resins have a high ignition point, low mass loss, low heat
release rate, and low cost compared to other resins [11,12]. Glass
fibers have been used for reinforcement materials because of their
good thermal stability and low unit cost compared to other
thermally stable fibers, such as aramid fibers [13–15]. The phenolic
foam core insulates heat transfer because it has low thermal con-
ductivity [11,16]. Therefore, combined glass/phenolic composites
and the phenolic foam core has adequate fire resistance.

The glass/phenolic composites and the phenolic foam sandwich
construction can effectively impede heat transfers by thermal
conduction and convection. However, this sandwich construction
cannot prevent the heat transfer through thermal radiation. At
high temperature, a large proportion of the heat is transferred by
thermal radiation because the energy flux of the thermal radiation
Eb (W/m2) is proportional to the fourth power of absolute temper-
ature, T (K), as shown in Eq. (1), given by the Stefan–Boltzmann law
[17,18].

Eb ¼ rT4 ð1Þ
where r (5.67 � 10–8 W/m2 K4) is the Stefan–Boltzmann constant.
To improve the safety of the fire retardant structure, heat transfer
through the radiation should be shielded.
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There are two major methods to insulate the heat transfer by
radiation: heat-insulation coating and metal sheet joining [19].
Because the heat-insulation coating using polymeric materials
burns at the high temperature, the metal sheet joining method is
appropriate for fire retardant constructions. In this paper, the mir-
ror surface copper foil was joined to the front face of the glass/
phenolic composite; which has low thermal emissivity and high
melting point over 1000�C, as shown in Table 1 [18]. Stainless steel
and aluminum have higher thermal emissivities compared to
copper. In addition, the cost of gold and silver which have similar
thermal emissivities are much higher than that of copper. For the
adhesive joining method of the copper foil, a co-curing method
was used to simplify the fabrication process and reduce the
fabrication cost. However, the copper foil is difficult to bond with
the glass/phenolic composite using a conventional adhesive
co-curing method due to its low surface free energy [20].

To improve the bonding strength of metals, mechanical abra-
sions (such as sandpaper treatment, sand blasting, and plasma
treatment) or chemical treatments (such as primer coating and
coupling agent) generally have been used [21–25]. Mechanical
abrasion methods improve the bonding strength by increasing
the surface area; however, it has a limit for metals that have a
low surface free energy, such as copper. In addition, chemical treat-
ment methods are expensive and harmful to environment. More-
over, conventional surface treatment methods are not proper for
high temperature application because their bonding properties
drastically decrease at the elevated temperature. Therefore, a
new surface treatment method that is cost effective and retains
the bonding strength in the high temperature is required.

In this study, a new surface treatment method was developed
and applied to the fire retardant construction. The adhesive bond-
ing strength between the copper foil and the glass/phenolic com-
posite was improved by generating the carbonized layer on the
copper foil surface. The carbonized layer is chemically and
mechanically stable at the high temperature of the fire situation.
The optimum conditions of the carbonized layer generation were
investigated with respect to the carbonization ratio. Next, the
bonding strength between the copper foil and the glass/phenolic
composite was investigated using the single-lap shear test. An
optimum carbonization condition to enhance the bonding strength
between the copper foil and glass/phenolic composite was
determined.

2. Carbonized layer method

2.1. Concept of the carbonized layer method

Organic material can strongly bond to a metal surface via the
carbonization process, such as a burned leftover food on the sur-
face of a cooker. Organic material is condensed and joined to the
metal surface strongly via dehydrogenation and dehydration reac-
tions. In addition, the carbonized layer, which is mostly composed
of carbon, has high bonding strength with polymeric materials. In
the other words, by generating the carbonized organic layer on the
copper foil, the bonding strength between the copper foil and the
glass/phenolic composite could be improved. The phenolic resin,
which has an organic group as shown in Fig. 2, was chosen to form
the carbonized layer because it could be condensed to a combined
carbon structure via the carbonization process. The carbonized
phenolic resin layer strongly bonded to the copper foil surface by
carbonization; this carbonized layer functioned as a bridge
between the copper foil and glass/phenolic composite.

2.2. Fabrication process

The fabrication process of the carbonized layer method is pre-
sented in Fig. 3. To form a carbonized layer, the phenolic resin
(KC-4703, KANGNAM chemical, Republic of Korea) was pasted
onto the copper foil surface with a thickness of 10 lm, and it
was cured by the vacuum bag degassing method in the oven. The
curing temperature was 160�C, the curing pressure was 0.1 MPa,
and the specimens were cured for 30 min. After the curing process,
the cured phenolic resin layer was carbonized to different degrees
by varying the carbonization time by propane gas flame. The
propane gas flame was applied on the specimens by a propane
gas burner, the nozzle diameter of 1.0 mm. The gauge pressure of
the propane gas and the temperature of the flame were 25 kPa
and 900�C, respectively. In addition, the distance from the propane
gas flame to copper foil was 50 mm. During the carbonization
process, temperatures were measured to investigate conditions
of the carbonized layer. The carbonization temperatures were
measured by the thermocouple instrument (NI 9211, National
Instruments, United States) and the K-type thermocouples. The

Fig. 1. Schematic diagram of a fire retardant sandwich construction.

Table 1
Thermal emissivity of the metals at 300 K and 1000 K.

Metallic solids (polished) 300 K 1000 K

Aluminum 0.04 –
Chromium 0.10 –
Copper 0.03 0.04
Gold 0.03 0.06
Silver 0.02 0.08
Stainless steel 0.17 0.30
Tungsten – 0.10

Fig. 2. (a) Curing process of the resole-type phenolic resin; (b) carbonization
process of the phenolic resin.
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