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1.INTRODUCTION

1.1 What are Aluminum Alloys ?
Aluminum is a revolutionary metal. It changed the scenario in engineering designing for almost everything ranging from utensils to aircrafts. It was also referred to as the gold in its early days of discovery. Aluminum exhibits outstanding strength with low density and light weight.  As the engineering marvels developed an increasing demand was witnessed to further reduce the weight of aluminum and to increase its strength for applications like ship building, aircraft designing, etc.  this was achieved through the development of alloys i.e. developing new materials by adding a percentage of other metals into the metal whose properties are to be altered. This technique became popular amongst engineers and they started using alloys wherever it was possible. Aluminum alloys played a very crucial role in designing aircrafts, automobiles, ships etc. 
1.2 What are Honeycomb Cores ? 


Honeycomb cores are available in a variety of materials for sandwich structures. These range from paper and card for low strength and stiffness, low load applications (such as domestic internal doors) to high strength and stiffness, extremely lightweight components for aircraft structures. Honeycombs can be processed into both flat and curved composite structures, and can be made to conform to compound curves without excessive mechanical force or heating.
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Properties of honeycomb materials depend on the size (and therefore frequency) of the cells and the thickness and strength of the web material. Sheets can range from typically 3-50 mm in thickness and panel dimensions are typically 1200 x 2400mm, although it is possible to produce sheets up to 3m x 3m.

Honeycomb cores can give stiff and very light laminates but due to their very small bonding area they are almost exclusively used with high-performance resin systems such as epoxies so that the necessary adhesion to the laminate skins can be achieved.
Sandwich construction is an attractive structural design concept, as by the proper choice of materials and geometry, constructions having high ratios of stiffness-to-weight can be achieved. The sandwich panel is the composition of a weak core material with strong and stiff faces bonded on the upper and lower sides. The facings provide practically all of the overall bending and in-plane extensional rigidity to the sandwich. Sandwich construction is commonly used in structures where strength, stiffness,and weight efficiency are required. Low-density, hexagonal honeycombs are preferred as the core material on a performance basis. Honeycomb materials have been extensively used as energy absorbers to resist external loads due to their high energy absorption capacity.

1.3 What is  Aluminum Honeycomb ?
Aluminium honeycomb produces one of the highest strength/weight ratios of any structural material. There are various configurations of the adhesive bonding of the aluminium foil which can lead to a variety of geometric cell shapes (usually hexagonal). Properties can also be controlled by varying the foil thickness and cell size. The honeycomb is usually supplied in the unexpanded block form and is stretched out into a sheet on-site.

Despite its good mechanical properties and relatively low price, aluminium honeycomb has to be used with caution in some applications, such as large marine structures, because of the potential corrosion problems in a salt-water environment. In this situation care also has to be exercised to ensure that the honeycomb does not come into direct contact with carbon skins since the conductivity can aggravate galvanic corrosion. Aluminium honeycomb also has the problem that it has no 'mechanical memory'. On impact of a cored laminate, the honeycomb will deform irreversibly whereas the FRP skins, being resilient, will move back to their original position. This can result in an area with an unbonded skin with much reduced mechanical properties.

This report lists the materials, configurations, and mechanical properties of Hexcel’s standard honeycomb as a guide to selecting honeycomb core best suited for particular applications

Table 1.1
Properties of Different  type of honeycome cores:

	
	Solid Metal

Sheet
	Sandwich

Construction
	Thicker

Sandwich

	Relative Stiffness
	100
	700

7 times more rigid
	3700

37 times more rigid!

	Relative Strength
	100
	350

3.5 times as strong
	925

9.25 times as strong

	Relative Weight
	100
	103

3% increase in weight
	106

6% increase in weight

	
	
	
	


A striking example of how honeycomb stiffens a structure without materially increasing its weight.
1.4 Types of honeycomb sandwich panel 
 Different approaches are as follows : 
a) Honeycomb Material b) Corrugated Material c) Wood  d) Expanded Plastics (Foam) e) Mineral Wool.

Also the faces can be made of different materials, like: 

a) Thin Metal Plates b) Profiled Plates c) Thick Fiber Reinforced 

Composite Materials like Glass Fiber, Carbon Fiber, Aramid Fiber etc. 

The components of the sandwich material must also be bonded together, using either adhesives or mechanical fastenings, such that they can act as a composite load-bearing 

Unit. 

Sandwich materials generally exhibit the following properties 

• High load bearing capacity at low weight. 

• Surface finished faceplates provide good resistance against aggressive environments. 

1.5Structural Drawing Of Honeycomb Plate.

H: Total thickness of aluminum honeycomb plate 
T1: Thickness of aluminum alloy plate (faceplate) 
T2: Thickness of aluminum alloy plate (baseplate) 
T: Diameter of a honeycomb
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Fig.1.2 STRUCTURAL DRAWING OF HONEYCOMB
Specification and mechanical property of aluminum honeycomb plate
Table 1.2:  Mechanical properties of typical near-peak aged AL-Li alloys
	Specification
	Thickness/H (mm)
	Faceplate thickness/T1(mm)
	Baseplate thickness/T2(mm)
	Honeycomb diameter T(mm)
	Width (mm)
	Length (mm)
	Specific gravity (kg/m2)
	
	

	M06
	6
	0.6
	0.5
	12-19
	250-1500
	600-4500
	4.9
	
	

	M10
	10
	0.8
	0.7
	12-19
	
	
	5.3
	
	

	M15
	15
	0.8-1.0
	0.8
	12-19
	
	
	7.0
	
	

	M20
	20
	1.0
	0.8
	12-19
	
	
	7.4
	
	

	M25
	25
	1.0
	0.8
	12-19
	
	
	7.8
	
	


	
	
	
	
	
	
	


Table 1.3: Performances parameters of aluminum honeycomb plate
	Item
	ASTM
	Unit
	10mm
	15mm
	20mm

	Theoretical weight
	
	kg/m2
	5.4
	5.6
	5.75

	Tensile strength
	E8
	N/mm2
	806
	598
	455

	Endurance
	E8
	N/mm2
	531
	405
	279

	Elongation
	E8
	%
	1.2
	1.4
	1.7

	Flexural rigidity
	C393
	×106 N. mm2
	8.03
	15.4
	38.44

	Coefficient of elasticity in flexure
	
	N/mm2
	50000
	40600
	38.44

	Thermal elongation coefficient
	D696
	
	0.24
	0.24
	0.24

	Thermal conductivity
	D976
	×10-6 N/℃
	0.23
	0.19
	0.15

	Heat distortion temperature
	D648
	℃
	200
	200
	200

	Bond strength
	C297
	N/mm2
	12
	12
	12

	Flatness
	Max. deviation: 1mm/M

	Flame retardancy
	Nonflammable, conforming to related fire grading of construction materials

	Sound insulation
	Ranging from 0dB to 3dB. Depending on the installation angle of our aluminium honeycomb plates.


	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	Specification of honeycomb core mm/mm(kg/m3)
	Planar compression strength (Mpa)
	Longitudinal shearing strength (Mpa)
	Lateral shearing strength (Mpa)

	0.04/5(31)
	0.66
	0.53
	0.30

	0.04/4(39)
	0.98
	0.75
	0.43

	0.05/5(41)
	1.07
	0.80
	0.47

	0.04/3(52)
	1.60
	1.15
	0.67

	0.05/4(53)
	1.65
	1.18
	0.69

	0.05/3(68)
	2.50
	1.78
	1.04


Table1.4 Performance parameters of honeycomb core 
The performance of honeycomb cores is vital to the performance of aluminum honeycomb
2. HOW IS HONEYCOMB MANUFACTURED?
Honeycomb is made primarily by the expansion method.The corrugated process is most common for high density honeycomb materials.
Expansion Process of Honeycomb Manufacture
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Fig 2.1 Flowsheet of Expansion Process.

2.1 Expansion Process
The honeycomb fabrication process by the expansion method begins with the stacking of sheets of the substrate material on which adhesive node lines have been printed.The adhesive lines are then cured to form a HOBE® (HOneycomb Before Expansion) block.

The HOBE block itself may be expanded after curing to give an expanded block. Slices of the expanded block may then be cut to the desired T dimension.Alternately, HOBE slices can be cut from the HOBE block to the appropriate T dimension and subsequently expanded. Slices can be expanded to regular hexagons, underexpanded to 6-sided diamonds, and overexpanded to nearly rectangular cells.

The expanded sheets are trimmed to the desired L dimension (ribbon direction) and W dimension (transverse to the ribbon).
Corrugated Process of Honeycomb Manufacture

Fig 2.2 Flowsheet of Corrugated process
2.2 Corrugated Process

The corrugated process of honeycomb manufacture is normally used to produce products in the higher density range. In this process adhesive is applied to the corrugated nodes, the corrugated sheets are stacked into blocks, the node adhesive cured, and sheets are cut from these blocks to the required core thickness.

3 Honeycomb Cell Configurations:
3.1Hexagonal Core

The standard hexagonal honeycomb is the basic and most common cellular honeycomb

configuration, and is currently available in all metallic and nonmetallic materials.

Fig 3.1 Hexagonal Core
3.2 OX-CoreTM

The OX configuration is a hexagonal honeycomb that has been overexpanded in the

W direction, providing a rectangular cell configuration that facilitates curving or forming

in the L direction.The OX process increases W shear properties and decreases L shear

properties when compared to hexagonal honeycomb.

Fig 3.2 OX- Core
3.3 Reinforced Hexagonal Core
Reinforced honeycomb has a sheet of substrate material placed along the nodes in the ribbon direction to increase the mechanical properties
Fig 3.3 Reinforced Hexagonal Core
3.4 Flex-Core®

The Flex-Core cell configuration provides for exceptional formability in compound curvatures with reduced anticlastic curvature and without buckling the cell walls. Curvatures of very tight radii are easily formed.When formed into tight radii, Flex-Core provides higher shear strengths than comparable hexagonal core of equivalent density. Flex-Core is manufactured from aluminum,Nomex®, and fiberglass substrates.
Fig 3.4 Flex Core
3.5 Double-FlexTM
Double-Flex is a unique large cell Flex-Core for excellent formability and high specific compression properties. Double-Flex is the most formable cell configuration.

Fig 3.5 Double- Flex 
3.6 Tube-Core®

Tube-Core configuration provides a uniquely designed energy absorption system when the space envelope requires a column or small diameter cylinder. The design eliminates the loss of crush strength that occurs at the unsupported edges of conventional honeycomb.Tube-Core is constructed of alternate sheets of flat aluminium foil and corrugated aluminum foil wrapped around a mandrel and adhesively bonded. Outside diameters can range from 1/2 inch to 30 inches and lengths from 1/2 inch to 36 inches.

Fig 3.5 Tube Core
4. Honeyco mb Materials

4.1 Aluminum Honeycomb

Hexcel aluminum honeycombs are designated as follows:

Material – Cell Size – Alloy – Foil Thickness – Density

Example:

CR III – 1/4 – 5052 – .002N – 4.3

Where:

CR III® – signifies the honeycomb is treated with a corrosion-resistant coating

1/4 – is the cell size in fractions of an inch

5052 – is the aluminum alloy used

.002 – is the nominal reference foil thickness in inches

N –indicates the cell walls are nonperforated

(P indicates perforated)

4.3 – is the density in pounds per cubic foot
4.2Corrosion-Resistant Coatings

Corrosion-resistant coatings consist of a base layer underlying a primer layer. Aluminum honeycomb is available with two different corrosion-resistant coating options.These are CR III chromate-based and CR-PAA™ phosphoric acid anodized.The corrosion resistant coating is applied to the foil before the node
4.3 CR III
CR III corrosion-resistant coating consists of a chromate- based protective layer and an organo-metallic polymer. CR III corrosion-resistant coating has been specified by the U.S. military for almost 30 years

4.4 CR-PAATM
CR-PAA phosphoric acid anodized coating provides superior performance in certain instances. CR-PAA is superior with regards to:

• bond strength to aluminum facings in sandwich panel applications

• salt spray environments

• resistance to crack propagation

• hot/wet environments
5 Aluminum honeycomb  Types:

It is available in four different alloys, aerospace grades 5052 and 5056, and commercial

grades 3104 and 3003.

5.1 5052 Alloy

Specification grade honeycomb in the 5052 H39 aluminum alloy is available for general purpose applications, in a very wide range of cell size/density combinations in the hexagonal and Flex-Coreconfigurations.OX-Core and underexpanded cell configuration can also be provided.

5.2 5056 Alloy

Specification grade honeycomb in the 5056 H39 aluminum alloy offers superior strength over 5052 alloy honeycomb. It is also available in a broad range of cell size/density combinations in the hexagonal and Flex-Core configurations.The strength properties of

5056 alloy honeycomb are approximately 20% greater that the comparable properties of 5052 alloy honeycomb of similar cell size, foil gauge, and density.

5.3 ACG®

Aluminum Commercial Grade (ACG) honeycomb provides a low-cost aluminum honeycomb product for industrial applications.All ACG materials are provided with CR III coating. Hexcel produces ACG from 3000 series aluminum alloys. 3003 aluminum

alloy is used for energy absorption applications where previous qualification studies specified this particular alloy. Hexcel also uses 3104 alloy for the manufacture of honeycomb with the flexibility to provide either 3104 or 3003 ACG, whichever is more appropriate for the application.
6.SPECIFYING HONEYCOMB

When honeycomb is specified, the following information needs to be provided:

• Material

• Cell configuration

(hexagonal,OX-Core, Flex-Core, etc.)

• Cell size

• Alloy and foil gauge (aluminum honeycomb only)

• Density

Cell sizes range from 1/16" to 1",with 1/8", 3/16", 1/4",

and 3/8" being the most common. Honeycomb densities range from 1.0 lb/ft3 to 55 lb/ft3.

6.1Guide to Determining Which Type of Honeycomb to Specify

Determining which type of honeycomb to specify requires that the relevant possible attributes be defined for the application.The attributes that help determine the most appropriate honeycomb type can include the following:
1. Cost vs. value/performance
2. Piece size

3. Density
4. Strength

a. Compressive

b. Impact

c. Shear

d. Fatigue

e. Flatwise tensile

5. Cell wall thickness

6. Moisture

7. Color

8. Ultraviolet light exposure

9. Environmental chemicals

10. Processing and operating temperature range

11. Flammability/fire retardance

12. Thermal conductivity/insulation/heat transfer

13. Electrical conductivity

14. Wall surface smoothness

15. Abrasion resistance

16. Cushioning

17. Machinability/Formability
18. Facings

a. Material
b. Bonding process, adhesive, conditions

7. Most Important Attributes of Each Honeycomb Material
Each of the honeycomb materials profiled above has specific benefits that are key to its specification.

In general terms, some of the most beneficial properties

of each honeycomb material are as follows:

7.1Aluminum Honeycomb

a) relatively low cost

b) best for energy absorption

c) greatest strength/weight

d) thinnest cell walls

e) smooth cell walls

f) conductive heat transfer

g) electrical shielding

h) machinability
7.2Aramid Fiber Honeycomb

a) flammability/fire retardance

b) large selection of cell sizes, densities, and strengths

c) formability and parts-making experience

d) insulative

e) low dielectric properties
7.3Fiberglass

a) multidimensional strength of a woven structure

b) heat formability

c) insulative

d) low dielectric properties
7.4Carbon

a. dimensional stability and retention

b. strength retention and performance at high temperatures

c. very low coefficient of thermal expansion

d. tailorable thermal conductivity

e. relatively high shear modulus
7.5Polyurethane

a. cushioning

b. unaffected by moisture

c. energy redirection

d. fatigue-resistant

e. color choices

8. Mechanical Properties and Test Methods
The test methods used for the honeycomb properties listed in this brochure are based on MIL-STD-401 and the applicable ASTM Standards.The properties and the test methods employed are outlined below. Unless specifically stated, the test properties listed have been performed at room temperature.

8.1 Density and Thickness Measurements

The density of honeycomb is expressed in pounds per cubic foot. Hexcel certifies that aerospace grade core will not vary in density by more than ±10% from list nominal values.The density tolerance for commercial grade aluminum core is ±17%.The density of production honeycomb is normally measured on full-size expanded sheets. Physical dimensions and weight measurements are taken to within 0.5%.The thickness is measured to the nearest 0.001 inch in accordance with ASTM C366,
8.2 Compressive Properties

The stabilized compressive strength (also called flatwise compressive strength) represents the ultimate compressive strength of the honeycomb in pounds per square inch when loaded in the T direction. Normally for this test, facings are adhesively bonded to the honeycomb material (stabilized compressive).
The stabilizedcompressive modulus, also expressed in pounds per square inch, is determined from the slope of the initial straight-line portion of the stress-strain curve. Some honeycomb materials exhibit a linear initial stress-strain relationship, while other honeycomb materials exhibit a nonlinear curved initial stress-strain relationship. The bare compressive strength is the ultimate compressive strength of the core in pounds per square inch when loaded in the T direction without stabilization of the cell edges.The value is normally used for an acceptance criteria since this test is easier and faster to perform.
8.2.1 Test Methods

The standard specimen size for bare and stabilized compressive tests is 3" L x 3" W x 0.625" T for aluminium honeycomb and 3" L x 3" W x 0.500" T for nonmetallic cores. For cell sizes 1/2 inch or larger, a 4" x 4" or even a 6" x 6" specimen size is used to reduce the error developed by edge effect on small samples. Stabilized compressive specimens

are normally prepared by bonding .032" AL 5052 thick facings to each side. Both bare and stabilized compressive tests are conducted with self-aligning loading heads. Unless otherwise specified, the loading rate used is 0.020 inches per minute. Deflection recordings are made with a displacement transducer that measures the relative movement of the loading and bearing surfaces through the center of the specimen.

Fig 8.1 

8.3 Crush Strength
After honeycomb has exceeded its ultimate compressive strength, it will continue to deform plastically and crush uniformly.The load-deflection curve shows such a typical response. The average crush load per unit cross-sectional area is defined as the crush strength,expressed in pounds per square inch. Honeycomb will crush at virtually a

constant stress level (dependent on the core material and density), hence its absorption capacity is predictable,making it ideal for energy absorption applications.When used in this manner, the core is often precrushed slightly to remove the compressive peak in the load-deflection curve.The crush strength of honeycomb decreases with increasing angle loading from the thickness
8.3.1 Test Methods
Fixed loading and bearing plates are used for crush strength tests and a deflectometer is employed to measure the travel of the crosshead of the test machine. In order to obtain a meaningful crush load-deflection curve, a minimum core thickness of 0.625 inches should be used. It should be noted that the crush strength values presented in this brochure are typical static test results. It has been found that under dynamic loading, these values increase nonlinearly with impact velocity, and numbers as much as 30% higher have been reported
Fig 8.2
8.4 Lamination strength test of honeycomb sandwich panels
Flatwise tensile tests were performed to find difference in bonding strength of the resin used to join facing and core of the sandwich panel when tensile loading is applied in out-of-plane direction. The purpose of the test was to investigate the difference in strength with respect to core thickness and facing type of the sandwich panels. Flatwise tensile tests provide a measure for interface strength against loading perpendicular to the plane of the sandwich panel. To determine the strength of the bond, nine specimens were tested as specified in ASTM standard for which description of the results is given in Table 8.1 The tensile loading is applied to the two opposite ends of the fixture until the failure of bond between facing skin and honeycomb core occurs as shown in Figs 8.4and 8.5. Transmission of the loads to the sandwich coupon is achieved \ through thick loading blocks that are bonded to the face sheets through epoxy Araldite 2013. The tests were done with a rate of 5 mm/min using a 6000 kg load cell with a 12 000 kg range. The adhesive bond strength was computed by dividing the failure load by the bonded area. Araldite 2013 is used as bonding of facing to fixture for aluminiumfacing honeycomb, and Araldite 2015 is used as bonding of facing to fixture for glass fibre facing honeycomb to ensure that this bond strength is greater than the lamination 
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Fig. 8.3 Specimens after single point flexure test strength of honeycomb adhesive
[image: image5.emf]
Fig. 8.4 Fixture for testing and (b) specimen during testing

Fig. 8.5 Aluminium and glass fibre facing specimen after failure of bond[image: image6.emf]
[image: image7.emf]
Fig. 8.6  Load–deflection curve of thick core aluminium and glass fibre facing specimen for flexure test

8.4.2RESULT

Effect of compressive and tensile loading in flatwise and edgewise directions on honeycomb sandwich panels of different type of facings and core thicknesses is investigatedexperimentally and analytically. Experimental data can be used to select the more light and stiff combination of sandwich panels according to the environmental conditions of aircraft, spacecraft, and satellites. The analytical model of strain energy can be used to predict possible failure mode in edgewise compression which is a more complicated pattern of loading. Results of compressive loading on honeycomb sandwich panels indicate that the compressive strength of honeycomb sandwich panels primarily depend upon the facing type and not on the core thickness, as higher compressive strength of thin panel of aluminium facing when compared with thick glass fibre facing panel is obtained

9, Additional Properties of Honeycomb
9.1Acoustical

Honeycomb,to which a perforated facing skin has been applied, is often used for sound attenuation applications. Hexcel’s Acousti-Core honeycomb is filled with fiberglass batting.Available in many of the standard core types of 3/16" and larger cell size, this honeycomb with porous or perforated facings can be used for lightweight sound absorption panels that have considerable structural integrity. The noise reduction

coefficient (NRC) of Acousti-Core is shown on the graph to the left.The NRC value is the average of sound absorption coefficients at 250, 500,1000,and 2000 cycles per second. The higher the NRC value, the more
9.2Air/Fluid Directionalization

Over the years, honeycomb has been used very successfully for directionalizing air,water, and fluid flow in a wide variety of ducts and channels.The open, straight honeycomb cells are an efficient means of controlling the flow of air with a minimum pressure drop. Laminar flow can typically be attained by using a honeycomb thickness to cell size ratio of 6–8 for most flow rates.Aluminum honeycomb with CR III corrosion-resistant coating is used for air directionalization applications.

9.3 Pressure Drop Across Honeycomb

The pressure drop across honeycomb placed in a fluid stream has been found to be extremely small compared with alternate devices such as wire screens and perforated

metal panels.The large open frontal area of honeycomb is the dominant reason for this.All honeycomb types considered for air directional applications have 95–99% open area.The major flow resistance is related to friction drag on the cell walls.As would be expected, smaller cell sizes and thicker honeycomb cores have higher pressure drops.The cell wall foil gauge has a negligible effect on the pressure drop.The figure at right shows the pressure drop measured across three aluminum honeycomb types at 1-, 2-, and 4-inch thickness.These measurements were made in a straight 18-inch diameter duct.

10 Applications
The major usage of honeycomb is for structural applications. Honeycomb’s beneficial strength-to-weight and stiffness-to-weight ratios (see diagram on bottom of page 1) compared to other materials and configurations are unmatched.

10.1 Honeycomb’s long-standing traditional application is in aircraft. Some of the aircraft parts that are made from honeycomb include:

• ailerons • cowls • doors

• elevators • empennages • fairings

• flaps • flooring • leading edges

• nacelles • radomes • rudders

• slats • spoilers • stabilizers

• struts • tabs • thrust reversers

• trailing edges

Other aerospace vehicles that use honeycomb include:

• helicopters • missiles • satellite launch vehicles

• satellites • space shuttle

After aircraft and other airborne aerospace vehicles, the next most prominent uses for honeycomb occur in various land and water transportation vehicles.The different types of vehicles and most common applications are:

10.2 Automobiles

• energy absorption protective structures in Formula I race cars

• air directionalization for engine fuel injection system

• energy absorption in pillars and along roof line for passenger protection

• crash testing barriers

10.3 Rail

• doors

• floors

• energy absorbers/bumpers

• ceilings

• partitions

10.4 Marine

• commercial vessel and naval vessel bulkheads

• America’s Cup sailing yachts

• wall, ceiling, and partition panels

10.5 Other applications for honeycomb that are not transportation related include:

• clean room panels

• exterior architectural curtain wall panels

• air,water, fluid, and light directionalization

• heating, ventilation, air conditioning (HVAC) equipment and devices

• skis and snowboards

• energy absorption protective structures

• electronic shielding enclosures

• acoustic attenuation
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