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# #4570507021 : MAJOR CHEMICAL ENGINEERING

KEY WORD : HONEYCOMB/ STRUCTURAL MATERIAL/ PRODUCTION EQUIPMENT
LADAWAN SUWANMNARUNGSRI : PROTOTYPE DEVELOPMENT FOR
PRODUCING HONEYCOMB CORE MATERIAL FOR STRUCTURAL USE.
THESIS ADVISOR : PROF. WIWUT TANTHAPANICHAKOON, Ph.D.,
115 pp. ISBN 974-17-3530-8.

The aim of this study was to develop simple device for producing honeycomb structures.
Nomex® honeycomb structures with cell size of 9.9 mm and final density of 25 - 50 lcg:’ml were
produced by adhesive bonding and subsequent expansion process. Epoxy resin was used to bond nodes
of the honeycomb strugture. Suitable curing conditions of the epoxy resin were investigated. The
completion of curing reaction took 3 hours at 160°C. After the honeycomb structures were expanded
and cured, they were not yet fully stable, To enhance their structural strength and stability, a suitable
liquid phenolic resin was used to dip — coat the honeycomb structures and the suitable curing
conditions of the phenolic resin were investigated. It was found that 20.23% wt phenolic resin yielded
good dip - coated honeycomb structures after 24 hours natural evaporation at room temperature and
the suitable curing condition was at 140°C for 30 min. Finally, the mechanical properties of
honeycomb structures-were tested. For honeycomb density of 45 kg/m’, its compressive strength was
| MPa, whereas the shear strengths were 0.7 and 0.44 MPa in the L and W directions, respectively.
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a A a a 4 . . I 9 A < =
p31iar Tz I5uAnNoaIe 1uA (Aromatic polyamide) WidulonTanuuansed
1 1 Y A A a =2 a o I
win nuldl ldvaeuuase Infinseuiguugiszmm 760 ssruzadod  uTEnglown
a a 1 4 U < 4 a 1
(DuPont) MaaduleezslanTiseon1amsnn Tuding (Nomex®) 11l a.er. 1963 wazwiiani
4 1 (4
¥oN1aMsa nars (Kevlar®) 113l a.a. 1973 [15]
1 [ a Y 1 a a9y A wvAa 1 [ dl
uriudaqriaduloudazytialvoauazantiauananuy JUN 3.12,3.13 uag 3.14
= ~ va 9 =] . @ =2 . :I o
WIeuMeUaNTAAIUANNULTIA (Tensile strength) UBQAAUVUAN (Tensile modulus) HINUN

5'3 a
Haz31a1 “llf)\‘]hlwlﬂﬂiﬂﬂ 3 9UA [16]

5000 500

~~ [ ~~
w4000 400 =
S <
= 3000f - - \ x 300 =
g 3
S 2000] L 200 E
W =
Z z
ﬁ 1000 - 100 ﬁ

0 0

Aramld R-glass E-glass ﬂ?'%"' mﬁgs

carben  carben

@ J a 1
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3.2.1.1 lwdiny

A Y

< J a dgl a o I a 4
IULllﬂ“]f Wa@ﬂluiﬂﬂ‘ﬂiﬁ‘ﬂ DuPont W UFONIINITAIVOINDALNDS
a . =) . . 2~ va 1 A a
9YIINA LUU m-isomer 13D poly (m-phenyleneisophthalamide) HANANUNLAUAD Tiiga’lyl wa
9 va Y Y A a =2 = Y I
NUANUIDU mmsamﬁuuﬁmamﬂmw"lmmag“lumqmwguqm 300 aqmwm%ﬁ"lmﬂu
vAa Y 1ra d’l a' dgl 9 a a 1 ]
LINTUTU ﬁ'iJ’]JG]'i/]uﬂ'J']lliﬁluLl,ﬁgllﬂJG]ﬂhh/\IL!ﬁ'lll'liE]LWNﬂlunlﬂjﬂﬁlﬂ'lﬂﬁuﬁ'lﬁlﬁullﬁﬂ LYY

oanosa 1Wudu

CONH =

?jﬂﬁ 3.15 Taseadeegsdauyy poly (m-phenyleneisophthalamide) [17]

P4
8251WALUY p-isomer FHA poly (p-benzamide) gnnaniuluil a.e. 1970
4 < 7 < o o A < o ¢ w &
e ldilu Iviwesntianuuisussgelddmsuasuanuudawsdnuessosud  wasaniiull
J a d,; Ay . A Y 1 1 7
IWoTFUAUYNUNUNAIY poly (p—phenyleneterepthalamide) Turon1amsnin niars (Kevlar®)

£ g s < 3 =
G]NL“IJ“L! hl‘WL‘lJE]5‘VIiJﬂ’Nmlfllx‘lll,iQLLﬁ%ﬂ’JHJLL‘UWNiﬂﬂ [18]
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517 3.16 Taseadrgozilanuy poly (p-benzamide) [18]
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gﬂﬁ 3.17 Taseadwesildauuy poly (p—phenyleneterepthalamide) [18]
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(M) (V)

31 3.18 dnvagezsiiiauunlvuiad () tazuuuwaea () [17]

1 a a 4 % 1
TENINNIZUIUNITHAAN @35']%ﬂuh"h‘]Jf]iL!.‘]J‘]JV\'ﬁ@ﬂéﬁﬁﬁﬂ’J'liJEﬂ’JiJ']ﬂﬂ’J']
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TUEAF IUNANIVIN AL NANINMINATBITNINHAAUULAANA1IAY

d
3.2.1.3 anvifvealwding [17]
< J o @ { va I @
Tudngdluiganinnuitien  Jaud@duauiuiuldiuaza
4 :' a 1 % ] o

Sou iegmitvziianisoouadtiosuIn  @IWITONUITALAIY 1Y 11OANDIOA (Alcohol)

<3| 1
Alau (Ketone) 03T 1AY (Acetone) I1NgdU (Toluene) @z lydn (Xylene) tiludu i1 LOI

v E4

(Limiting Oxygen Index) 15zu18127 - 32% NQungiivies Tasdiuegiunnunuitazniy
' ] & o Aa ' & SV 3 A
wumiuvesTudng (Yaghiian LOL 11031 20.8% Wuash ldgeTumamn Tuid) - Tuiding

9 Y2 a = vAa A < P
AWToNuUANNSoW AN NN 240 < 350 eerAIFed  auiiAFanaves Tudngnnw

nUIRe 9 Uuaaeluasiein 3.1 [17]



A va A < 4
A1519% 3.1 gudAaFanaves Iulng [17]

Nominal thickness (mil) 2 3 10 15

(mm) 0.05 | 0.08 0.25 0.38 Test method
Typical thickness (mil) 2.2 3.1 102 | 152

(mm) 0.06 | 0.08 | 026 | 0.39 | ASTM D-374
Basis weight (g/m’) 41 | 63 | 249 | 397 | ASTM D-646
Density (g/cc) 072 | 08 | 096 | 1.03
Tensile strength MD 39 65 285 459
(N/cm) XD 18 32 152 252 ASTM D-828
Elongation (%) MD 9 11 19 19

XD 6 8 15 14 ASTM D-828
Elmendorf tear (N) MD 0.8 1.2 6 9.5

XD 1.6 23 10.8 17.2 TAPPI-414
Initial tear MD 11 19 71 116
strength (N) XD 6 8 42 74 ASTM D-1004
Shrinkage MD 22 1.1 0.4 0.3
at 300 °C (%) XD 01 | o | o1 | 02

MD = Machine direction of paper

XD = Cross direction of paper
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3.2.2 717 (Adhesive)

o 1 < <
Taem ludnmamsoeglugilvesveanar uazvewds  lugdvesveanda nn
I 1 ] A I A 1 I 1 @ o
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a a ~ a A ~ a a Adu = aa . .
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A A = J > # IS ! = a dy ] @
uuniiFenoondnaslse (Magnesium  oxychloride) (Hudaiusenen Fanwiail limugiy
msliyenTnsead
a A S J [~ a o 4 ay ¥ v d
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WioNy A10d1%U dayiiu (Albumin) TUsAu uazeyiusivaglad 1Wudu Feldnuiagnin
9
AszAy waz 13
1 a A Jd o L4 T Y I o a = 4 4
drunmounsdduazy v laitumes lunaadn danalawes wazmes Ly
o 1 4 a 9 1 a 4 a an o o a
A10819ve9n1Usznnmes luwaiaan ldun weodte lud wedefau wazeyWusveInead
a I~ 9 ] = J @ Y 1 .
Taiia 1fudu  drwnnmdaralawesiinlszneunlee1e 14U SBR (Styrene - butadiene rubber)
el . an I~
ABS (Acrylonitrile - butadiene - styrene) vazda lau Wuau
o v 1 v = A A a = = a 4
nlsznnmes luwa UAded1ugy ewens Wuedn gi5e a1y wedlomnes
Aa a I Y a J ;9/ ) Y a ] A A . . A
wagwoagIny uAY sFumaIiaesi 1inanIsty ¥58n13:%01 T84 (Cross — linking) 1#®
o a I Aa o St 1 1
Mmldnadundasugnazanelila vaoumarlyla
cL o U a 4 1 I~
Tagna1d ndsznnmes luemiisnman N FIADY LAANNLTILTIAIUMT
A 1 I 9 A = 1 a dyl 9
FOUAD UAZANUUIULITIATUMTAY (Creep  strength)  A11ANI AMITHANEIUNINTE 1Y
1 d' v 1 d‘d a a d‘ 9 1 = 4
dudsenovnuunsyIvan lagmnieludndsene Ui Fusiaaug Al 154 9a1d lawes

Y ' v
HAZINGS TUNAEAN  UBNINUIIGMITONTUAVINDS LN AR NNOLRNUA MUK AUNY

Ao sdon (Peel strength) LASANNULTINTENY (Impact resistance) [19]

3.2.2.1 aNoNHFISTY (Epoxy resin)

= aa Y I Yo a A = I A 9
aweﬂmmgﬂimzﬂuﬂwa ”lm‘ummuﬂmummﬂummumumqqmah
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A o a 1 o A @ a
Wwoudaadmanlave mos luwaradn a1sdsenevuaunes lua uaziyou laveiunaigan
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Y Y v ™ a o o o Y A ~ L o q ¥
ﬂ')f]ﬂ']”lllﬂ']TWH11uﬂ13wwu1q@ﬁﬂ1ﬂlﬂuiuﬂﬂﬂq‘Uu T]TalﬂﬂW@ﬂ“]ﬁJﬂ'JﬁlﬂJlﬂuﬂ'J GINVI"ITWW?NT%
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Euuﬁﬂul'}ﬁ']ﬂ']')u']uslluﬂaﬂ [20]

% 12
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= =~ a = Y Aaaa 1 A a a A [
dwondsFuas ou laningaserszningle — nsened leaintluea M

dualalansu (Epihalohydrin) woa laasnlueaniionldnuun 1dun daWluea e (Bisphenol

A S Aa

A) uazdnuelaleasundinglunamsf fe diinaelsleasu (Epichlorohydrin)
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2 A A [ o A a 09/’ 09/’ I aaa
anonasFuumes lumannanly 2 Yuaey  Tuusnitluilnserves
dinanlsleasu Audailuea 1o Taslilwdonlaasonled (NaoH) Wudusljnsen 4
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QunN1uU%II 50 - 105 s uwarea  URnTeAAYITIUALL
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HO C@-—OH + 2CH—CH-CH,Cl
| \b/
CH

3 . .
(bisphenol - A) l (epichlorhydrin)
A
OH CH OH
l NaOH

CH —CH—-(_H O@ —@-O —CH, CH——CH
O

v 9
naafaain 1dnnlgasodunsn wwhilgsenudailuea e de'lal

1199000 (Epoxy ring) iilaeon



CH,—CHCH,OROCH,CH—CH, + HOROH + CH,—CHCH,OROCH,CH—CH,
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{;‘H:—CHCH:DRDCHL,leHCH:UROCHJ?HCHEORDCHEC\I.{"FII:
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0 OH OH
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aaa a 1 4 3 a 4 4 ]
Ufnsenazinane lilisesn awdeiuveswedmes waziiiesniniaie T

091' 9 Qy 9 12 = [ quI Aaaa dy Y A a a A A
M2 YNILAUTAAIYN YD WD N muuﬂgmEnui]wlmuawmaiﬂamumamﬂa [25]

TaseardavesdwenFsdundaaegili 3.20
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SN | 7N\ | |
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2 = - | 2
CH_,‘

L3

CH
/O\ |
cH - CI—I--CH;-OA@_C—@_O
| NS
CH,

7191 3.20 Taseadwvesdwondisdu [22]
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Honeycomb density Compressive strength
kg/m3 MPa
14.97 0.06
24.29 0.22
36.52 0.45
47.03 1.00
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Density Shear strength
Honeycomb
kg/m3 MPa
L direction 15.65 0.32
26.45 0.47
42.46 0.70
W.direction 21.21 0.16
35.85 0.24
45.30 0.44
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1. Abstract

The aim of this study was to develop simple
practical equipment for producing honeycomb
structures. Nomex® honeycomb structures with cell
size of 9.9 mm and final density of 25 — 50 kg/m® were
produced by adhesive bonding and expansion process.
Epoxy resin was used to bond nodes of the honeycomb
structure. Suitable viscosity and curing conditions of
the epoxy resin were investigated. After the
honeycomb structures were expanded and cured, they
were not yet fully stable. To enhance structural strength
and stability, a suitable liquid phenolic resin was used
to dip — coat the honeycomb structure.

2. Introduction

Today, light - weight and high strength structures are
indispensable to many hi-tech industries such as
aircraft, sports equipment and vehicle. A super - light
structure that has high strength — and stiffness — to —
weight ratio is the honeycomb. It generally consists of
an array of open cells, formed from sheets of suitable
material, bonded together at controlled intervals and
then expanded to form hexagonal cells. The
honeycomb can be used as the central region of a
composite panel [1]. Many ways of producing
honeycomb structures are disclosed in Patents such as
United States Patents No. 2,734,843 [2] and United
States Patents No. 2,983,640 [3]. Many industries in

A
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EROXY RESIN'

143 CM WDE
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EXPANDING
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Ralt

Thailand use expensive imported honeycomb structure.
So the objective of this work is to develop simple
practical equipment for producing honeycomb
structures. Using the equipment, honeycomb structures
with cell size of 9.9 mm and density of 25 - 50 kg/m®
were produced from sheets of aromatic polyamide
(Nomex®) [4] by the expansion process. Suitable
viscosity and curing conditions (temperature and time)
of the epoxy binder were experimentally obtained.
Stability and density of the dip - coated honeycomb
structure were investigated.

3. Experimental

In this work, the honeycomb structure was made of
Nomex® 410 paper (50 micrometer thick). Nomex®
is an aromatic polyamide which offers high
mechanical toughness, flexibility and resilience.
Adhesive for bonding the Nomex® was 2 - parts epoxy
resin with viscosity of 1600 cP and long pot - life
(upto 60 min). The simple practical equipment
for producing honeycomb structure consisting
of a device for applying adhesive patterns to produce
HoBE  (Honeycomb  Before Expansion) and
a device for expanding HoBE to form hexagonal
honeycomb structures were designed and fabricated.
Figure 1 is a schematic diagram of the method
used for producing the honeycomb structure.
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Fig. 1 Schematic diagram of the method used for producing honeycomb structure



The device for applying adhesive patterns (Figure 2)
consisted of three rollers, 30 cm long. The top and
bottom rollers were made of synthetic rubber, 82 mm
diameter. The stainless steel middle roller, 86.75 mm
diameter, was engraved longitudinally, the engraved
portions being 10.1 mm wide and unengraved portions
5.7 mm. The bottom roller was partially immersed in a
liquid adhesive tank, and, when rotated, it picked up
and transferred the adhesive to the unengraved portions
of the middle roller. Nomex® sheet was fed between
the top and middle rollers. As the sheet passed between
them its underside picked up the adhesive lines at
designed intervals (width of node walls).

Figure 3 shows a simple device for expanding HoBE to
form hexagonal honeycomb structure. Two sets of
stainless steel rods were inserted between the adhesive
lines inside both surface layers of the HOBE. When the
middle screw in Fig.3 was turned counter - clockwise,
the two sets of rods would be moved apart and the
HoBE was expanded to form hexagonal honeycomb
structure.

Tablel: Cell configuration of honeycomb structure
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Fig. 3 A device for expanding HoBE

liquid phenolic resin was used to dip - coat the
honeycomb structure while being set in a rack to
enhance structural stability and strength.

5. Conclusions

Nomex® honeycomb structures were produced by
using the simple practical equipment. Cell size of the
honeycomb was not perfectly hexagonal but considered
to be acceptable. Based on the obtained results, an
improved design revision of the devices should yield
essentially hexagonal structures. The suitable viscosity
of the epoxy resin for the simple practical equipment
was 1600 cP or lower and its curing conditions were
160°C for 3 hours. After reinforcing the honeycomb
structure by phenolic coating, the honeycomb structure
was completely stable. We are now testing the
compressive strength and shear strength of the
structure.

Density Angle Cell size Node wall | Free wall
Honeycomb structure
kg/m® degree mm mm mm
1. Original design values <50 60.0 9.87 5.70 5.70
2. Modified design values <50 52.0 9.90 5.40 6.60
3. Honeycomb just after heat setting 15.1 48.2 8.44 5.41 6.32
4. 3 days later without dip-coating 17.0 42.0 7.67 5.58 6.20
5. After dip-coating with phenolic (1-3 coats) 27.7-48.3 51.7 9.86 5.38 6.63
References

4. Results and discussion

Up to now more than 40 samples of Nomex®
honeycomb structures have been made using the simple
practical equipment. Item 3 in Table 1 shows the mean
values of cell configuration of honeycomb structures
just after the heat-setting process. After 3 days without
dip coating to reinforce the structure, the honeycomb
structure was significantly deformed. So a suitable

[1] Tom Bitzer, ‘Honeycomb Technology’, Chapman
& Hall, London UK (1997).

[2] Roger C. Steele, Hexcel Products Inc., ‘Method of
Producing Honeycomb’, United States Patents No.
2,734,843 (1956).

[3] Henry L. Knoll, Hexcel Products Inc., ‘Method of
Making Honeycomb’, United States Patents No.
2,983,640 (1961).

[4] www.dupont.com
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producing mechanically robust honeycomb
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Abstract: The aim of this study was to develop simple low-cost equipment for producing
mechanically robust honeycomb structures. Nomex® honeycomb structures with cell size of 9.9 mm
and final density of 25 — 50 kg/m° were produced by adhesive bonding and expansion process. Epoxy
resin was used to bond nodes of the honeycomb structure. Suitable curing conditions of the epoxy resin
were investigated. After the honeycomb structures were expanded and cured, they were not yet fully
stable. To enhance structural strength and stability, a suitable liquid phenolic resin was used to dip —
coat the honeycomb structure and curing conditions of the phenolic resin were investigated. Finally,
mechanical properties of honeycomb structures were tested. For honeycomb density of 45 kg/m?, its
compressive strength was 1 MPa, whereas the shear strengths were 0.7 and 0.44 MPa in the L and W

directions, respectively.

Keywords: Honeycomb,Structural material, Production equipment

Infroduction

Today, light - weight and high - strength structures
are indispensable to many hi-tech industries such as
aircraft, sports equipment and vehicle. A super = light
structure that has high strength — and stiffness — to —
weight ratio is the honeycomb. It generally consists of
an array of open cells, formed from sheets of suitable
material, bonded together at controlled intervals and
then expanded to form hexagonal cells. The
honeycomb can be used as-the central region of-a
composite panel.! Honeycomb structures was first
introduced in the 1940s for the manufacture of
furniture and aircraft structures, their initial
applications. Many ways of producing honeycomb
structures are disclosed in Patents such as United States
Patents No. 2,734,843 and United States Patents No.
2,983,640.> Today honeycomb structures can be
fabricated from most types of papers, plastics, metals
and ceramics. The basic technology behind the
manufacturing of honeycomb has been around over
four decades and has not fundamentally changed
during this time. As more companies have entered the
honeycomb market, the differentiation between the
different honeycomb producers has decreased. This
diminishing product differentiation has caused
honeycomb manufacturers to stringently protect the
honeycomb production secrets.”

Many industries in Thailand use expensive
imported honeycomb structures. So the objective of
this work is to develop simple low-cost equipment for
producing honeycomb structures. Using the equipment,
honeycomb structures with density less than 50 kg/m®
and high mechanical properties (compressive strength
of 1 MPa and shear strength, L direction, of 0.7 MPa)
were produced from sheets of aromatic polyamide
(Nomex®) ° by the expansion process. Suitable curing
conditions (temperature and time) of the epoxy binder
and phenolic coating were experimentally obtained.
Stability and density of the dip - coated honeycomb
structure ~ were investigated. Finally, mechanical
properties of honeycomb structures were tested for its
compressive strength and shear strength.

Materials and Methods

Development of low-cost honeycomb production
devices

In this work, the Nomex® honeycomb structures
with cell size of 9.9 mm were produced by adhesion
bonding and expansion process. A set of simple low-
cost equipment for producing honeycomb structure
consisting of a device for applying adhesive patterns to
produce HoBEs (Honeycomb Before Expansion) and a
device for expanding the HoBEs to form hexagonal
honeycomb structures were designed and fabricated.
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Fig. 1 A device for applying adhesive patterns

The device for applying adhesive patterns (Fig. 1)
consisted of three rollers, 30 cm long. The top and
bottom rollers were made of synthetic rubber, 82 mm
diameter. The stainless steel middle roller, 86.75 mm
diameter, was engraved longitudinally, the engraved
portions being 17.1 mm wide and unengraved portions
5.7 mm. The bottom roller was partially immersed in a
liquid adhesive tank, and, when rotated (40 rpm) it
picked up and transferred the adhesive to the
unengraved portions of the middle roller.

In manufacturing honeycomb structures, a roll of
Nomex®, 11.43 mm wide and 30 m long, was fed
between the top and middle rollers of the device for
applying adhesive patterns. As the unrolled sheet
passed between the rollers, its underside picked up the
adhesive lines at designed intervals (width of node
walls). The adhesive lines were 5.7 mm wide and
spaced 17.1 mm apart. Then the long sheet was cut into
15, 20 and 30 c¢cm long pieces to form HoBEs, 40, 20
and 14 pieces, respectively. The pieces were stacked on
top of each other in such a way that the adhesive lines
of every piece were offset from the adjacent pieces by
2.85 mm. Next, the HoBEs were cured in an electric
oven. The suitable curing condition, temperature (100,
140 and 160°C) and time (range 1-24 h), was
preliminarily investigated using differential scanning
calorimeter (DSC). A sample HOBE mass of 5-10 mg
was placed in an aluminium pan with lid. The
experiment was performed in temperature of 30-300°C
at a heating rate of 120°C/min under nitrogen purging.

Following the cure of adhesive, the HoBEs were
cut into strips, thickness 12.7 mm, and the strips were
expanded by the device for expanding HoBEs to form
hexagonal honeycomb structures as shown in Fig. 2.
Two sets of stainless steel rods were inserted between
the adhesive lines inside both surface layers of the
HoBE. When the middle screw in Fig.2 was turned
counter-clockwise, the two sets of rods would be
moved apart and the HoBE was expanded to form
hexagonal honeycomb structure.

Fig. 2 A device for expanding HoBE

The honeycomb structures were set between two
engraved steel plates with hexagonal brass rods to
maintain the expanded shape of the honeycomb, placed
in the oven at 120°C for 2 hours and left for natural
cooling to room temperature.

Next, to densify and reinforce the honeycomb
structures, they were dip-coated in phenolic resin. To
prevent shrinkage of the honeycomb structures during
dipping and oven curing processes, the structures were
placed in a holding rack (Fig. 3). After dipping, the
structures were left at room temperature to evaporate
excess solvent to prevent frothing in phenolic resin
during curing. The correlation between evaporation
time and curing conditions (temperature and time) were
investigated. The whole process was repeated until the
desired number of coats was obtained.

il llu

jgﬁ-’l ‘.

Fig. 3 Honeycomb in holding rack

Raw material

In this work, the honeycomb structure was made of
Nomex® 410 paper (50  micrometer thick)
manufactured by DuPont. Nomex® is an aromatic
polyamide which offers high mechanical toughness,



flexibility and resilience. The 50um Nomex® 410 had
basic weight 41 g/m* and density 0.72 g/lcm®®
Adhesive for bonding the Nomex® was a commercial
2-parts epoxy resin manufactured by Thai Epoxy and
Allied Products Co., Ltd.. The resin EPOTEC YD582
was a modified bisphenol-A based epoxy resin with
low viscosity 15004200 cPs (@ 25°C). The hardener
EPOTEC TH7278 was a modified amine hardener with
viscosity 80-150 cPs. This system provided low
viscosity, good wettig property and long pot-life (upto
60 min @ 25°C, 100g mix). The resin-hardener ratio
was 100:27 parts by weight.

Phenolic resin for dip-coating was a commercial
liquid resin from Thai TGCI Resitop Co., Ltd.. The
resole phenolic resin PL-2211 had viscosity of 161 cPs
and solid contents of 58.99%. In producing honeycomb
dip-coat resin, phenolic resin was solvated with 99%
ethanol. The suitable final solvent content of phenolic
resin and its curing conditions were investigated.

Mechanical testing of honeycomb structures

The mechanical properties of the honeycomb
structure were investigated for its compressive strength
and shear strength according to ASTM €365-94 ° and
C273-94 " respectively. The honeycomb specimens,
12.7 mm thick, 76.2 mm long and 76.2 mm wide, were
compressed in an LLOYD Universal Testing Machine.
The tests were performed at room temperature under a
constant cross-head speed of 0.5 mm/min until failure.
The load-deformation curves recorded during the
compression test were analyzed for theirs compressive
strength.

The shear properties of honeycomb structures were
tested by the compressive plate shear method in 2
directions of honeycomb cells, parallel to the node
walls (L direction) and across the node walls (W
direction). The test specimens for shear strength testing
were cut into 50.8 mm wide and 152.4 mm long. Then
they were rigidly supported by 2 steel plates bonded to
the facings by epoxy resin. The plates were designed so
that the line of action of the direct compressive force
passed through the diagonally opposite corners of the
honeycomb  specimens. The specimens were
compressed in a LLOYD Universal-Testing Machine-at
a rate of 0.5 mm/min at room temperature. The load-
deformation curves were analyzed for theirs shear
strength.

Results

Preliminary investigation to find suitable
production conditions

The suitable production conditions for producing
HoBEs and dip-coating honeycomb structures were
preliminarily investigated. In manufacturing HoBESs by
the device for applying adhesive patterns, after
applying the adhesive patterns, the Nomex® sheets
with adhesive lines had to evaporate excess solvent in
the adhesive to eliminate swelling of HoBEs while
curing in the oven. The evaporation time at room

1

temperature was investigated by simply observing the
diminishing of epoxy resin weight versus time. After
leaving the applied Nomex® sheets at room
temperature for 2 hours, the weight of epoxy resin on
the Nomex® was constant. From the experimentally
obtained results, the Nomex® sheets with epoxy resin
lines were left for 2 hours before stacking the sheets to
form HoBEs. The suitable curing conditions of HOBES
were obtained from the DSC thermograms. Figure 4
shows curing reaction of the HoBE before and after
curing in an electric oven. The complete reaction of
curing process occurred for the HoBE cured at 160°C
for 3 hours.
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Fig. 4 DSC thermogram of HoBE (-« before curing,
and == HoBE cured at 160°C for 3 hours)

The phenolic resin for dip-coating honeycomb
structures was solvated with 99% ethanol to yield solid
contents of 33.7%, 25.28% and 20.23%wt. The
correlation between evaporated time and curing
condition were investigated to find out a nice and
unfrothy _honeycomb surfaces. Lower solid contents
phenolic resin (20.23%) yielded perfectly dip-coated
honeycomb structure after 24 hours evaporation at
room temperature and the suitable curing condition was
at 140°C for 30 min.

Honeycomb production devices

The device for applying adhesive patterns to
produce HoBEs costed less than 25,000 baht and the
device for expanding HoBEs to form hexagonal
honeycomb  structures costed 1,200 baht. In
manufacturing cost of 12.7 mm thick and 1 m?
Nomex® honeycomb structure was 1,715 baht (for cell
size about 9.86 mm, and density about 48.3 kg/m®)
excluding labor, electricity and maintenance costs.
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Table 1: Cell configuration of honeycomb structure

Density Angle Cell size Node wall | Free wall
Honeycomb structure
kg/m? degree mm mm mm

1. Original design values <50 60.0 9.87 5.70 5.70
2. Modified design values <50 52.0 9.90 5.40 6.60
3. Honeycomb just after heat setting 15.1 48.2 8.44 5.41 6.32
4. 3 days later without dip-coating 17.0 42.0 7.67 5.58 6.20
5. After dip-coating with phenolic (1-3 coats) 27.7-48.3 51.7 9.86 5.38 6.63
Honeycomb structures 50

More than 50 samples of Nomex® honeycomb Fa
structures (Fig. 5) were made using the simple low-cost £ 40
equipment. Table 1 shows the mean values of cell g
configuration of the honeycomb structures. The >
original design values were determined by fixing the ez 30 -
angle of honeycomb cell of 60° and the node wall 3
equal to the free wall (5.7 mm) then its cell size (length -g 20 -
between the node walls) was 9.87 mm. 3

The honeycomb structures made by the devices, e
after heat-setting in mold process, have the length of S 10 -
node wall and the angle of 541 mm ,and 48.2° T
respectively, which are smaller than the original design
values. So the design values were modified to represent 0 ! !
the actual values of honeycomb structure (ltem 2 in 0 1 2 3
Table 1). After 3 days without dip-coating to reinforce .

Number of dips

the structure, the honeycomb structure was
significantly deformed and the angle was diminished
from 48.2° to 42°. So the liquid phenolic resin was y . . )
used to dip-coat the honeycomb structure while being Fig. 6 Honeycomb density as a function of dip
set in a rack to enhance structural stability and strength. number
In Fig. 6, the density of honeycomb structure was
plotted as a function of dip number. From this plot, a ) ]
linear correlation could be established. The honeycomb _The mechanical properties of honeycomb structure
structures without dip-coated phenolic resin have a for its compresive strength were obtained from the
density of 15.06 kg/m®. After dipping, the honeycomb load-deformation curvesz. The hon_eycomb specimen
density is linearly increased. The minimum and was square, 5806.44 mm* cross-sectional area (A), and
maximum density are 27.7 and 48.3 kg/m®. its thickness was 12.7 mm. The compressive strength

of honeycomb structure might be calculated as follows:

c=— (1)

where o is the honeycomb compressive strength
(MPa), and P is the ultimate load (N).

In Fig. 7, the mean compressive strength of
honeycomb' structure, was presented as a function of
honeycomb density. Without dip-coated phenolic resin
the honeycomb structures have a compressive strength
of 0.06 MPa. After 1 and 2 dips, the honeycomb
compressive strength is significantly increase and after
3 dips, it rapidly increases to 1 MPa.

Fig. 5 Nomex® honeycomb structure
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The load-deformation curves of honeycomb
structures during the shear test measured the maximum
load on the honeycomb specimens. The 12.7 mm thick
specimen was rectangular, its length (L) 152.4 mm and
its width (W) 50.8 mm. The shear strength might be
expressed as the following

P
L xW

O]
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where 7 is the honeycomb shear stress (MPa), and P is
the load on specimen. When P equals the maximum, t
is the ultimate shear strength Tax.

The shear strength of honeycomb structure in L
direction is obviously higher than the shear strength in
W direction, as shown in Fig. 8. The maximum
honeycomb shear strengths in L and W direction are
0.7 and 0.44 MPa, respectively. But the changing of
both shear strengths with their density are linear.

Discussion

Nomex® honeycomb structures were produced by
using the simple practical equipment. Cell size of the
honeycomb was not perfectly hexagonal but considered
to be acceptable. Based on the obtained results, an
improved design revision of the devices should yield
essentially hexagonal structures. After reinforcing the
honeycomb structure by phenolic coating, the
honeycomb structure was completely stable.

The mechanical properties of honeycomb
structures depend on its density and cell geometry. For
cell size of 9.86 mm and density around 45 kg/m?, the
honeycomb compressive strength is 1 MPa. In
comparison, the commercial Nomex® honeycomb,
9.53 mm cell size and 48 kg/m®, manufactured by
Hexcel  has a compressive strength of 1.66 MPa. The
main reasons for the difference between the
experimental results and the commercial honeycombs
may be attributed to the effects of cell size, density and
cell geometry of honeycomb. The compression failure
for structures manufactured from aramid materials is
most often observed to result from buckling formation.
The ability of the structure to resist this deformation is
determined by the properties of the dip resin. The
thickness of honeycomb walls is another important
variable that determined the compressive properties.
The cell-wall of dip-coated honeycomb is thicker at the
node bond and thinner in the middle of the free wall.
When a honeycomb buckles, it yields at the weakest
point in the structure which is the center of the single
free wall. When the center of the single wall begins to
yield, the local area around the wall begins to crack. *

Comparing the average shear strengths of the
manufactured honeycombs (0.7 and 0.44 MPa, L and
W direction respectively) with Hexcel’s honeycomb
(1.1 and 0.55 MPa for L and W direction), the shear
strengths of the former are less than the latter by 36.4%
and 20%, respectively. The L direction shear strength
is obviously higher than the' W direction because, by
considering one unit cell, it can be found that the shear
strength of node wall is higher than the free wall. So
the free wall will buckle ahead of the node wall. °

From Fig.6, it may be considered that each dip
deposited an equal amount of resin. With increasing
numbers of dips, the resin reinforcement at the
intersection of the cell walls restricts the movement of
the cell and effectively shortens the buckling length of
the wall.* So the mechanical properties of the
honeycomb increase.
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