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Fiber-metal laminates (FML) are the advanced materials that are developed to 

improve the high performance of lightweight structures that are rapidly becoming a 

superior substitute for metal structures. The reasons behind their emerging usage 

are the mechanical properties without a compromise in weight other than the 

traditional metals. The bond remains a concern. This thesis reviews the effect of pre-

treatments, say heat, P2 etch and laser treatments on the substrate which modifies 

the surface composition/roughness to impact the bond strength. The constituents 

that make up the FMLs in our present study are the Aluminum 2024 alloy as the 

substrate and the carbon fiber prepregs are the fibers. These composite samples are 

manufactured in a compression molding process after each pre-treatment and are 

then subjected to different tests to investigate its properties in tension, compression, 

flexural and lap shear strength. The results indicate that heat treatment adversely 

affects properties of the metal and the joint while laser treatments provide the best 

bond and joint strength. 
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CHAPTER 1 

INTRODUCTION 

Fiber-metal laminates (FML) are an advanced composite material, consisting 

of metal plates and fiber plies which combine the mechanical properties of metals like 

high ductility, impact and damage tolerance with the benefits of fiber composites 

material like high specific strength, high specific stiffness, good corrosion and fatigue 

resistance. These FMLs offer good mechanical properties like excellent fatigue and 

impact resistance as well as damage tolerance. The laminates are built by stacking 

thin layers of metal sheets and fiber reinforced adhesives. The most commercially 

used FMLs are ARALL (Aramid Reinforced Aluminum Laminate), GLARE (Glass 

Reinforced Aluminum Laminate), and CARALL (Carbon Reinforced Aluminum 

Laminate) [6]. ARALL laminates are based on aramid fibers. Aramid fibers provide 

good specific strength and modulus, high impact resistance and outstanding 

toughness to ARALL laminates. However, the poor compressive strength is a major 

limitation for these hybrid composites. From this point of view, CARALL laminates 

have been developed as an improvement of ARALL laminates. They contain different 

amount of carbon/epoxy prepregs instead of aramid/epoxy prepregs. Metallic layers 

and fiber reinforced laminate can be bonded by classical techniques, i.e. mechanically 

and adhesively. Adhesively bonded fiber metal laminates have been shown to be far 

more fatigue resistant than equivalent mechanically bonded structures [6].  

Innovations in composites have allowed significant weight reduction in 

structural design. Composites offer many advantages when compared to metallic 

alloys, especially where high strength and stiffness to weight ratio are concerned. 

Additionally, they provide excellent fatigue properties and corrosion resistance in 

applications [10]. 
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1.1 Historical Development of Fiber Metal Laminates 

During the last three decades, there has been a search for lightweight materials 

that can replace the traditional aluminum alloys in aerospace structures [11]. For an 

optimal structural design, a new material is needed which combines high strength, low 

density and high elastic modulus with improved toughness, corrosion resistance and 

fatigue properties.  

In 1978, research was carried out to increase the fatigue performance of 

aluminum alloys; ARALL was introduced as the first fiber metal laminate at the Faculty 

of Aerospace Engineering at the Delft University of Technology in the Netherlands 

[12]. In 1984, two international patents were accepted and a pilot production of four 

different types of standardized ARALL were started by the Alcoa Company [13]. 

Later, a much stiffer ARALL which consists of carbon fibers instead of aramid 

fibers, the CARALL Laminates, was investigated in DUT [14]. 

In 1990, another attempt was made to improve ARALL laminates, adopting high 

strength glass fiber instead of aramid fibers, and GLARE (Glass reinforced, or ARALL 

with glass fibers) was developed successfully [13]. 

A new concept for fiber metal laminates (ARALL & GLARE), the Spliced 

Laminates, was launched by the Structural Laminates Company (SLC) in 1992 [13]. 

1.1.1 ARALL 

ARALL laminates are made of high strength aramid fibers embedded in a 

structural epoxy adhesive sandwiched between multiple layers of thin aluminum alloy 

sheets. In this way, a new hybrid material ARALL has been obtained [6, 13]. 

There are four commercially available ARALL laminates. All four standard 

ARALL products employ a thermoset adhesive system impregnated with unidirectional 
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aramid fibers in a fiber to resin weight ratio of 50:50. The fibers are oriented parallel to 

the aluminum sheet rolling direction. ARALL laminates are produced under very rigid 

quality control standards [6]. 

1.1.2 GLARE 

           GLARE consist of alternating layers of unidirectional glass fiber reinforced 

prepregs and high strength aluminum alloy sheets [6,13]. 

           The specific stiffness and strength in the fiber direction of GLARE are enhanced 

over the high strength aluminum alloy used for the metal layers, which significantly 

contributes to weight savings in the designs of tension-dominated structural 

components [15]. 

Nowadays, GLARE materials are commercialized in six different standard 

grades. They are all based on unidirectional glass fibers embedded with epoxy 

adhesive resulting in prepregs with a nominal fiber volume fraction of 60%. During 

fabrication of composites the prepregs are laid-up in different fiber orientations 

between aluminum alloy sheets, resulting in different standard GLARE grades. 

1.1.3 CARALL 

Aramid fibers provide good specific strength and modulus, high impact 

resistance and outstanding toughness to ARALL laminates. However, the poor 

compressive strength is a major limitation for these hybrid composites. From this point 

of view, CARALL laminates have been developed as an improvement of ARALL 

laminates. They contain different amount of carbon/epoxy prepregs instead of 

aramid/epoxy prepregs [6, 16]. 
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Compared with aramid/epoxy, carbon/epoxy composites possess higher 

specific modulus, but relatively low values of specific strength, strain to failure and 

impact resistance. The high stiffness of carbon fibers allows for extremely efficient 

crack bridging and therefore very low crack growth rates [16]. 

Before the curing process, aluminum surfaces are treated for optimal adhesion 

between aluminum alloy and epoxy resin. Then, they are cured in hot press. The 

combination of high stiffness and strength with good impact properties gives CARALL 

laminates a great advantage for space applications. 

 

1.2 Scope of the Thesis 

This thesis studies the mechanical properties of aluminum-carbon epoxy 

laminate system after the metal is subjected to some initial treatments. The treatments 

include P2 etch, heat and laser treatments. The mechanical properties are compared 

with each sample of the different treatments carried out. 

• Heat treatment: The substrate was heat treated, annealed by heating it in 

Ney Vulcan D-1750 furnace for one hour at 350˚c and left to cool within the furnace 

for 24 hours. 

• Chemical treatment (P2 etch): The substrate was chemical treated using the 

P2 etch solution. 

• Laser treatment: The substrate was sand-blasted on bench top sand 

blasting machine and then laser treated using the Ytterbium laser in the laser station. 

For all treatments, the laminates of Aluminum and carbon fiber were stacked 

upon each other and were then hot pressed at 310˚F and a pressure of 4000-5000 psi 

for one hour. The samples were prepared under each treatment according to ASTM 

standards. 
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The samples were then tested on the 810 Material Test System (MTS), Model 

632.03E-33 for tensile, compression, 4-point bend and lap shear tests. 

The chemical element composition was generated using the Quanta ESEM 

(Environmental Scanning Electron Microscope) and EDAX. 
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CHAPTER 2 

LITERATURE REVIEW 

Prolongo[1] studied the effect of pre-treatment applied on the surface 

characteristics of aluminum substrates and on the adhesive strength of epoxy–

aluminum joints. The variation of the density, composition and aspect of the adherends 

were analyzed as a function of the applied pre-treatment. The adhesive strength was 

measured by the lap shear test, using several epoxy resins to analyze the influence of 

the adhesive nature. 

A chromate-free treatment based on the sulphuric acid-ferric sulphate etch 

provided an improved joint strength compared to dichromate-sulphuric acid etching, 

alkaline etching or mechanical abrasion. This increase was associated with the porous 

oxide layer formed, but it depends on the adhesive nature used. The joints with Al–

Cu–Mg alloy substrates generally presented higher adhesive strength values than 

those with pure aluminum adherends, due to the selective etching of some alloying 

elements and intermetallic compounds, which have different electrochemical potential. 

Rider[2] investigated the factors that may influence the durability of bonds 

formed between epoxy-adhesive and g-glycidoxypropyltrimethoxy silane (g-GPS) pre-

treated aluminum. A precision milling apparatus or grit-blasting was used to alter the 

surface roughness of aluminum adherends prior to adhesive bonding. The addition of 

g-GPS to the roughened aluminum surface improved bond durability, but the overall 

performance was also influenced by the initial surface roughness of the aluminum. 

Surface analysis of failed wedge samples, together with characterization of the 

structure of the g-GPS and phosphonate films deposited on aluminum, suggested that 

the g-GPS film structure could also affect bond durability performance. 
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Digby[3] reports on work in which bonded joints between a clad aluminum alloy 

with different pre-treatments, and an epoxy resin have been examined. The datum for 

comparison of the pre-treatments is the Boeing phosphoric acid anodization (BAC 

5555). Other treatments include sulfuric acid anodizing in combination with a 

phosphoric acid dip and a sulfuric acid/ferric sulphate etch. Adhesive bonds have been 

prepared and their durability assessed using wedge test specimens. The data 

collected have been used to calculate crack growth and strain energy release rate as 

functions of time for the bonds produced. Surfaces of failed specimens have been 

examined to establish the locus of failure. 

Critchlow[4] investigated the effectiveness of CO2-laser treatment of aluminum 

for adhesive bonding. Aluminum alloy coupons were treated by CO2-laser ablation. 

The degree of surface modification introduced by this treatment has been determined 

by a combination of Auger electron spectroscopy and scanning electron microscopy. 

Following laser treatment, a 22% increase in initial lap shear joint strengths was 

observed compared with degreased-only controls. 

Lefebvre DR[9] studied the effect of different substrate surface pre-treatments 

on the initiation of interfacial fatigue cracks for adhesive bonds. Aluminum-epoxy bi-

material specimens were used to investigate how surface pre-treatment affects 

resistance to fatigue crack initiation at the interface corner. A stress singularity 

approach was utilized to assess the effect of four different treatments: P2 etch, 

phosphoric acid anodization (PAA), sulfuric acid anodization (SAA), and sol-gel. 

Macro Alfano[5] investigated the effect of laser irradiation on the bond 

toughness of aluminum/epoxy bonded joints. The evolution of substrate surface 

morphology and wettability, for various sets of laser process parameters (i.e., laser 

power, line spacing, scan speed), was investigated by means of Scanning Electron 
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Microscopy (SEM) and contact angle measurements. A proper combination of power, 

line spacing and scan speed was then selected and adhesive bonded Al/epoxy T-peel 

joints were prepared and tested. 

Carrillo and Cantwell[7] investigated the mechanical properties for the 

lightweight thermoplastic FML, discussing its properties in tension, flexure and under 

low velocity impact conditions comparing them with their constituents. The FML 

studied in this research program was based on alternating thin layers of aluminum 

alloy and a polypropylene fiber-reinforced polypropylene composite, termed a self-

reinforced polypropylene (SRPP). 

Lin, Kao and Yang[8] investigated the tensile and fatigue properties of laminates 

consisting of carbon/epoxy prepregs sandwiched between two 2024-T3 aluminum 

alloy sheets. They showed both tensile strength and modulus in the longitudinal 

direction increase with increasing thickness of the carbon/epoxy layer in CARALL 

laminates. However, the thermal residual stress in CARALL laminates also increases 

with the thickness of the carbon/epoxy layer. Compressive residual stresses can be 

introduced in the aluminum layer by post-cure stretching the laminate in the plastic 

region of the aluminum alloy. 

 

2.1 Different Types of Chemical Treatments 

The most commonly applied chemical treatment to the substrate is based on 

chromic-sulphuric acid etch[6]. Three acid etching solutions were used to modify the 

metallic surfaces. They are chromic-sulphuric acid (CAE), Forest Product Laboratory 

(FPL) and sulfo-ferric acid (P2) etches. There are few other treatments like 

degreasing, alkaline cleaning and electrochemical treatment [6]. 
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2.2 Application Processes 

CAE: Immersion in a water solution with 330 ml/l chromic– sulphuric acid (97% 

v/v) and 50 g/l potassium dichromate, at 60ᵒC for 15 min, and rinsed in tap water. 

Immersion in a water solution with 185 ml/l chromic– sulphuric acid (97% v/v) and 127 

g/l ferric sulphate, at 65ᵒC for 8 min, and rinsed in tap water (percentages by weight: 

48% H2O, 37% H2SO4 and 15% FeSO4). Immersion at 15 min in a 65ᵒC, followed by 

tap and de-ionized water rinsing [6]. 

P2: Involves treatment of the adherend surface with an aqueous acidic solution 

containing Fe(III). Immersing the adherend in the P2 solution at 65ᵒC for 8 min, rinsing 

the specimen in DI water for 2–3 min, and drying the aluminum bars in an oven at 

60ᵒC for 30 min. The P2 solution was prepared by dissolving 122.5 g Fe2(SO4)3 4H2O 

and 0.185 l of concentrated sulphuric acid in enough water to make a liter of solution 

[6]. 

FPL: Treat with optimized FPL for 30 min at 62 + 2ᵒC. After treatment in the 

acid, the aluminum was washed for 20 min in cold running tap water and finally dried 

in an oven at 40ᵒC for 30 min [6]. 

Alkaline etch: [6] Samples were immersed in 100 g/l NaOH solution, at 60ᵒC for 

1 min, and rinsed in tap water. They were immersed in %10 wt. NaOH solution for 2 

min at 60ᵒC 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

The aluminum and carbon fiber composites were prepared and four tests; 

tensile, compression, 4-point bend tests, were carried out on the composites. The 

metal used differs in gauge for different tests. Initially the substrate used was pre-

treated with different surface treatments and then the composite samples were 

prepared. These treatments were characterized under four groups. The surface 

treatments include heat treatment, P2 etch treatment and laser treatment. Under each 

test 3 initial samples were prepared with different treatments and then additional 

samples were prepared by using the substrate without any surface treatments. 

 

3.1 Materials Investigated 

The metal laminates used were Aluminum 2024 T3 alloy (with 0.5% SI, 0.5% 

FE, 4.9% CU, 0.9% MN, 1.8% MG, 0.10% CR, 0.25% ZN, 0.15% TI, 0.05% V, 0.05% 

ZR) supplied by Mc Master Carr, Georgia, USA.  Properties of the metal are described 

in Table 1. 

Table 1: Properties of Substrate 

Gauge (IN) Ultimate tensile 
strength (MPa) 

Yield strength 
(MPa) 

Elongation % 

0.0630 461-463 308-309 17.9-19.9 
0.0500 460-461 309-311 17.3-18.0 
0.0800 470-473 322-323 17.9-19.3 
0.0320 460-461 308-310 16.2-16.7 

Modulus of Elasticity- 73.1Gpa, Poisson’s Ratio- 0.33, Shear Modulus-28GPa. 

The fiber used was the 3K, 2*2 Twill Weave Carbon prepreg supplied by Fiber-

Glast, Ohio, USA. The resin content in the prepreg was 37%, +/-2%. Properties of the 

carbon fiber and resin are described in Tables 2 and 3.  
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Table 2: Properties of Carbon Fiber 

Warp Raw Material 3K- Multifilament Continuous Tow 
Filling Raw Material 3K- Multifilament Continuous Tow 
Weave Pattern 2x2 Twill 
Fabric Areal Weight 5.7 oz/yd2 (200 gsm approx.) 
Warp Ends/Inch 13.0+-1.0 
Pick/Inch 13.0+-1.0 
Nominal Thickness 0.012 inches 
Fabric Width %0+-0.25/-0inches 

 

Table 3: Properties of Resin 

Density (g/cc) 1.21 
Tg (˚F/˚C) (from G” DMA curve) 255/124 
Tensile Modulus (ksi/GPa) 410/2.8 
Tensile Strength (ksi/MPa) 11.5/79.0 
Elongation at Break (%) 4.5 
Tg after 24- Hr Water-Boil (˚F/˚C) 169/76˚ 
Water Absorption % 3.9˚ 

 

There are three recommended cure cycles for the prepreg. All three will 

produce similar properties and results. All curing cycles begin with a temperature ramp 

up and end with a ramp down. We followed the cure cycle 1 holding for one hour at 

310˚F. 

Table 4: Cure Cycles 

Target temperature Hold for 
310˚F (154˚C) 1 hour 
290˚F (143˚C) 2 hours 
270˚F (132˚C) 4 hours 

   

3.2 Heat Treatment 

Annealing was carried out by heating the alloy sample in a furnace, Ney Vulcan 

D-1750 (Figure 1), for about one hour (Annealing) and left in the furnace allowing it to 

cool for about 24 hours without disturbing the sample.  This treatment alters the 
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physical and sometimes chemical properties of a material to increase its ductility and 

reduce its hardness, making it more workable [17]. 

 
Figure 1: Ney Vulcan D-1750 furnace 

 

3.3 P2 Etch Treatment 

The substrate is treated with P2 etch which can produce thicker oxide layers 

and a higher degree of micro roughness, and consequently mechanical interlocking is 

greatly increased. The atomic percent of the various elements such as carbon, 

oxygen, and nitrogen as well as aluminum can be reduced on the aluminum surface 

thus decreasing the contaminations on the bond surface [6, 9]. 

P2: Involves treatment of the adherend surface with an aqueous acidic solution 

containing Fe(III). Immersing the adherend in the P2 solution at 65ᵒC for 8 min, Rinsing 

the specimen in DI water for 2–3 min, and drying the aluminum bars in an oven at 

60ᵒC for 30 min. The P2 solution was prepared by dissolving 122.5 g Fe2(SO4)3 4H2O 

and 0.185 liter of concentrated sulphuric acid in enough water to make a liter of 

solution [6,9]. 

3.4 Laser Treatment  

Laser texturing was utilized to modify an aluminum substrate’s morphology and 

micro-structure, resulting in an increased bond strength and durability [4, 5].  

https://en.wikipedia.org/wiki/Ductility
https://en.wikipedia.org/wiki/Hardness
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Aluminum substrates were first sand blasted to remove the reflective layer 

(Figure 2) using benchtop blast cabinet holding the blast media powder of silicon glass 

80/100 and then irradiated using an ytterbium fiber laser (Figure 6). A projective optical 

system was directed and defocused the laser radiation on the sample surface (Figure 

3). The morphological modification of the substrate depends on adjustable laser 

process parameters: laser power, line speed and spacing. The laser process involved 

multiple scans over the sample surface at variable scan speed (V), line spacing (LS) 

and power level (P). The diameter of the laser is 1.2mm. Overlap can be controlled to 

0.1m and above. Initially different parameters were tried and the best one was selected 

as some generated more deformation, some generated more depth and some 

overlapped (Table 5, Figure 4). 

Table 5: Laser Parameters 

 Speed (mm/s) Line spacing (mm) Power (W) 
1 100 0.6 100 
2 500 0.6 700 
3 500 1.2 700 
4 100 1.2 700 
5 100 1.2 1000 

 
 

  
Figure 2: Sand blasted sample Figure 3: Laser station 
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Figure 4: Patterns with different parameters 

The laminate was made with the substrate treated with 1000mm/s speed, 

1.2mm line spacing and 1000 W power. 

High thermal residual stress was generated during the treatment. It made the 

sheet deform in different directions (Figure 5). The deformed shape could be 

minimized by pressing while making the composite and holding the sample for 24 

hours in the press. 

 
Figure 5: Laser treated substrate 

 

3.5 Sample Preparation 

The metal used differs in gauge for different tests. Four sheets (substrates) for 

each test are selected. One substrate was used to make the composite without any 

pre-treatment, i.e. the plain aluminum and fiber composite (say Normal sample). Each 

from the remaining three substrates was treated with a different surface treatment 

(heat, P2 etch and laser treatments). Before stacking the fiber plies, the pre-treated 
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substrates were washed with acetone to remove any dust, oil or grease. The required 

fiber plies for each test were then stacked up on the substrate and the composites 

were manufactured. The curing process was carried out as shown in Table 4. Three 

specimens were prepared from each composite under each treatment maintaining the 

geometry according to ASTM standards to reduce the error percentage.  

Two different methods were tried to prepare the composites. Initially a test 

sample was prepared in an oven per the curing cycle described above. The fiber 

became solidified but the adhesive bond strength was too low (Figure 1). As the 

composite was prepared without consolidation pressure, there were some gaps 

between the fiber and alloy (Figure 6), showing low level of adhesion between the 

laminates. As the fibers are twill weaved, there are gaps between the fibers. Gradually 

the fiber completely peeled off from the aluminum alloy. To achieve a higher bond 

strength, the laminates had to be pressed in the hot press.  

 

 
Figure 6: Sample prepared in furnace 

 

The second sample was pressed in a hot press at a temperature of 310ᵒ F and 

pressure of 10000 psi. During the process, thermal residual stress was developed in 

the sample and a curvature was observed. The sample was then shifted to the 

conditioning room and after a few days, the fiber started to peel off from the alloy 
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(Figure 7). The pressure applied was too high which affected the shape of the fiber 

due to the thermal induced stresses. 

 
 

Figure 7: Sample prepared at 10000psi 

The next sample was made on the same press with a low pressure of about 

1000 psi and at 310ᵒ F. Yet, the fiber peeled off from the alloy (Figure 8). 

 
Figure 8: Sample prepared at 1000psi 

 

Finally, the samples were made keeping the pressure between 4000-5000 psi 

considering it as the ideal consolidation pressure. Some quantity of the fiber expanded 

and a little curvature the composite has undergone could be found (Figure 9). Four 

composites for each test were prepared separately under each treatment.  

  
Figure 9: Sample prepared at 5000psi 

 
The specimens for each test were fabricated according to the ASTM standards. 

The fiber laminates were stacked up on the substrate. Teflon sheets were placed 
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above and below the stacks and then moved into the hot press. The press was 

maintained at 310ᵒF and pressure of 4000-5000 psi for one hour and then cooled to 

room temperature. For each sample prepared, the edges were trimmed and cut into 

the three-specimen using the shear machine. The dimensions (mm) for each test are 

given in Table 6. 

Table 6: Dimensions of Samples 

Test Substrate Epoxy Total 
Thickness Length Width ASTM 

Standards 
4 Point 
bending 2.032 1.824 3.856 148.07 13 D7264 / 

D7264M - 15 

Tensile 0.8128 0.304 1.1168 250 15 D3039/D3039 
m-14 

Compression 1.27 1.216 2.486 140 13 D6641/D6641M 
- 14 

Lap shear 
test 1.6 2.432 4.032 

metal 
L=101.6, 

epoxy=101.6, 
bond 

length=25.4 

25.4 D5868 
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CHAPTER 4 

TESTS 

4.1 Tensile Test 

The flat tensile specimens were fabricated according to ASTM D3039/D3039 

m-14. Tensile tests were conducted using 810 Material Test System (MTS), Model 

632.03E-33. 

Straight-edged rectangular samples were used avoiding dog bone geometries. 

The gauge length of the sample was maintained to be 138mm. The specimen was 

placed in the grips of the testing machine holding about 56mm of the test specimen in 

each grip, taking care to align the long axis of the gripped specimen with the test 

direction. Load-strain data were collected until failure occurred (Figure 10). The cross-

head speed was maintained at 0.5mm/min.  

 
Figure 10: Tensile test specimen loaded on MTS 

 

4.2 Compression 

Mechanical properties of composite materials are governed by the adhesion 

between fiber and matrix. Besides this, same properties of FMLs are governed by the 

interface bond between composite ply and metal ply. Determination of this adhesion 

is not an easy task. Therefore, various test methods have been proposed. There are 

three kinds of test methods according to the interlaminar shear loading types: I. 

Compression loading, II. Flexural tests, and III. Short beam shear loading. 
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The flat compression specimens were fabricated according to ASTM 

D6641/D6641M - 14. Compression tests were conducted using MTS machine. A 

typical specimen was 140mm long having an unsupported length of 20mm when 

installed in the fixture. Load-strain data were collected until failure occurred (Figure 

11). The cross-head speed was maintained at 1.3mm/min.  

 
Figure 11: Compressive test specimen loaded on MTS 

 

4.3 4-Point Bend Test 

The flat bend test specimens were fabricated according to ASTM D7264 / 

D7264M - 15. Bend tests were conducted using MTS machine.  

The thickness of the specimen was maintained to be 3.2mm. The 

recommended support span-to-depth ratios are 16, 32 and 40. By considering the 

span-to-depth ratio as 32:1, the support span is 102.4mm. The loading noses and 

supports are aligned so that the axes of the cylindrical surfaces are parallel and the 

load span is one half of the support span, 51.2mm. The specimen was centered on 

the supports (Figure 12), with the long axis of the specimen perpendicular to the 

loading noses and supports. The load was applied to the specimen at the specified 

crosshead rate maintained at 1.00 mm/min.  
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The bend test fixture was fabricated in the lab (Figure 13). It was designed 

considering the loading span of 51.4mm. Two 1040 steel rods were used as rollers 

which were mounted on aluminum block. Their axes were separated by 51.4mm. 

  
Figure 12: Bending sample loaded on MTS Figure 13: Bending fixture 

 
          

4.4 Lap Shear Test 

The flat lap shear specimens were fabricated according to ASTM D5868. Lap 

shear tests were conducted using MTS machine. The initial grip separation was 75 

mm with 25.4 mm minimum of each sample end held in the test grips (Figure 14). The 

cross-head speed was maintained at 13mm/min.  

Note that a loading rate of 13mm/min is an important difference compared to 

other ASTM standards. 

 
Figure 14: Lap shear specimen loaded on MTS 



21 

CHAPTER 5 

RESULTS AND DISCUSSION 

It is observed that the tensile stress and the compressive stress for a heat-

treated sample is less than that of the raw sample. This must be due to the thermal 

residual stress and the observed curvature in the heat-treated sample due to a change 

in thermal coefficients of the substrate and the fiber. Hence the average residual stress 

in the aluminum alloy layer can be estimated from the tensile stress/strain curves of 

the CARALL laminates according to the equation. 

(SyA-SrA)/EA=Sy/E 

where SrA is the average residual stress in the aluminum layer. SyA is the elastic limit 

of the aluminum alloy. Sy is the elastic limit of the CARALL laminate, EA represents 

Young’s modulus of the aluminum alloy and E represents Young’s Modulus of the 

CARALL laminate. 

 

5.1 Tensile Tests 

5.1.1 Theoretical Calculation 

Table 7: Modulus of Aluminum and Carbon Fiber 

Material E1 (GPa) E2 (GPa) G (GPa) Poisson’s Ratio Ʋ 
Aluminum 112.7 112.7 42.105 0.33 
Carbon fiber 49.3 49.3 20.4 0.23 

 
Figure 15: Thickness and co-ordinate locations of laminates 
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Where, h0=-0.0005584m 

h1=-0.0002544m 

h2=0.0005584m 

𝐸𝐸1 = 𝐸𝐸𝑓𝑓1𝑣𝑣𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑣𝑣𝑚𝑚--------(1) 

1
𝐸𝐸2

= 𝑣𝑣𝑓𝑓
𝐸𝐸𝑓𝑓2

+ 𝑣𝑣𝑚𝑚
𝐸𝐸𝑚𝑚

----------(2) 

𝐴𝐴𝑖𝑖𝑖𝑖 = ∑ �𝑄𝑄𝑖𝑖𝑖𝑖�𝑘𝑘 
(ℎ𝑘𝑘 − ℎ𝑘𝑘−1)2

𝑘𝑘=1 ----------(3) 

𝐵𝐵𝑖𝑖𝑖𝑖 =   1
2

  ∑ �𝑄𝑄𝑖𝑖𝑖𝑖�𝑘𝑘 
(ℎ𝑘𝑘2 − ℎ𝑘𝑘−12 )2

𝑘𝑘=1 ----------(4) 

𝐷𝐷𝑖𝑖𝑖𝑖 =   1
3

  ∑ �𝑄𝑄𝑖𝑖𝑖𝑖�𝑘𝑘 
(ℎ𝑘𝑘3 − ℎ𝑘𝑘−13 )2

𝑘𝑘=1 -----------(5) 

Where, Ef is the Modulus of fiber, 

Em is the modulus of Aluminum, 

vf is the fiber volume fraction, 

vm is the aluminum volume fraction 

A, B and D are stiffness Matrices, 

h0, h1, h2 are the co-ordinates of fiber and aluminum [18]  

From equations 1 and 2, 

E1 = 8.7340e+010 

E2 = 7.4419e+010 

Q1= 1.0e+011 * �
2.4073 0.5537 0
0.5537 2.4073 0

0 0 0.9628
� 

Q2= 1.0e+010 * �
8.2033 2.7071 0
2.7071 8.2033 0

0 0 2.7480
� 

From equation 3, 

A= 1.0e+008 * �
1.1817 0.3741 0
0.3741 1.1817 0

0 0   0.4037
� 

From equation 4,    
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B= 1.0e+003 * �
8.9408 3.5935 0
3.5935 8.9408 0

0 0 2.6727
� 

From equation 5, 

D=  �
10.6288 3.2339 0
3.2339 10.6288 0

0 0 3.6968
� 

 

[ABBD]= 1.0e+007 *   
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Longitudinal Modulus: 

𝐸𝐸𝑥𝑥 = 1
ℎ∗𝐴𝐴∗11

 -----------(6)         

                         = 1
0.0011168∗9.96934876572645𝑒𝑒−09

 

                                                      =89.8Gpa 

Transverse Modulus: 

𝐸𝐸𝑦𝑦 = 1
ℎ∗𝐴𝐴∗22

 ------------(7) 
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                           = 1
0.0011168∗9.96934876572645𝑒𝑒−09

    

                                                     =89.8Gpa 

5.1.2 Results 

Table 8: Tensile Test Results 

Treatment Material Modulus 
(GPa) 

Break 
load(KN) 

Break 
stress(MPa) 

Strain at break 

No Treatment Aluminum  112.7+5.3 5.7+0.17 464.1+15.5 0.07467+0.01 
 Carbon fiber 49.3+2.7 7.4+0.37 645.0+26.3 0.0143+0.001 
 Composite 97.8+6.9 5.2+0.11 311.9+6.0 0.0056+0.001 
Heat treatment Aluminum 93.6+0.3 4.3+0.02 387.1+2.6 0.043193+0.00 
 Composite 71.8+2.1 5.5+0.08 329.4+10.4 0.009487+0.00 
Chemical treatment Composite 44.9+1.18 5.8+0.23 359.0+3.9 0.015643+0.00 
Laser treatment Composite 44.3+5.5 5.6+0.03 284.9+2.8 0.01049+0.00 

 

Figure 16: Tensile test on aluminum alloy 

Figure 17: Tensile test on sample with no treatment 
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Figure 18: Tensile test on heat treated sample 

 

Figure 19: Tensile test on chemical treated sample 

 

Figure 20: Tensile test on laser treated sample 
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Figure 21: Comparison of break loads for tensile test samples 

 

Figure 22: Comparison of break stress for tensile test samples 

Figure 23: Comparison of strain for tensile test samples 
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(a)     (b)  

Figure 24: (a) Tensile samples(heat treated, normal samples); (b) Laser treated 
samples 

 

For the laser treated sample high amounts of thermal residual stress developed 

during the treatment, as the laser uses high amount of power in a very low time to 

make the pattern, generating a high temperature difference within the material along 

the working path and the rest of the material. There is a high deformation along the 

length of the specimen. This deformation is minimized in the hot press when making 

the composite. After the composite sample is prepared we can find a minor 

deformation in the opposite direction due to the difference in thermal conductivity. 

These continuous cycles have a significant effect on the obtained results.  

Figures 15-19 shows a stress-displacement curve.  The initial loading shows a 

minor linear curve and then the curve shows some plastic deformation until the failure 

of the sample. When the breakpoints on all the graphs was observed, the sample 

which underwent the laser treatment shows less extension than the others which 
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shows a higher degree of bond strength than the others. But it shows a low stress 

value due to deformations of the substrate during the treatment and during the sample 

preparation. The substrate used in this test has the less thickness than the other 

substrates and with using the same parameters it experienced high degree of 

deformations. The P2 etch treated sample showed the best results followed by heat 

treated sample followed by the normal sample.    

 

5.2 Compression 

5.2.1 Theoretical Calculation 

Table 9: Modulus of Aluminum and Carbon Fiber 

Material E1 (GPa) E2 (GPa) G (GPa) Poisson’s Ratio Ʋ 
Aluminum 21.99 21.99 8.27 0.33 
Carbon fiber 9.18 9.18 3.73 0.23 

 

 
Figure 25: Thickness and co-ordinate locations of laminates 

 
where, h0=-0.001243m 

h1=-0.000027m 

h2=0.001243m 

Q1= 1.0e+010 * �
1.3198 0.3036 0
0.3036 1.3198 0

0 0 0.5080
� 
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Q2= 1.0e+010 * �
2.4677 0.8144 0
0.8144 2.4677 0

0 0 0.2270
� 

From equation 3, 

A= 1.0e+007 * �
4.7389 1.4034 0
1.4034 4.7389 0

0 0   0.9060
� 

From equation 4,    

B= 1.0e+003 * �
8.8638 3.9442 0
3.9442 8.8638 0

0 0 −2.1698
� 

From equation 5, 

D=  �
24.2467 7.1565 0
7.1565 24.2467 0

0 0 4.7052
� 

[ABBD]=  
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Longitudinal Modulus: 

𝐸𝐸𝑥𝑥 = 1
ℎ3∗𝐷𝐷∗11

 -----------(6)         

   = 12
0.0024863∗0.0480
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                                                      =16.3Gpa 

Transverse Modulus: 

𝐸𝐸𝑥𝑥 = 1
ℎ3∗𝐷𝐷∗11

 -----------(6)         

    = 12
0.0024863∗0.0480

 

                                                      =16.3Gpa 

5.2.2 Results 

Table 10: Results of Compression Test 

Treatment Material Area (mm2) Modulus (GPa) Peak 
load(KN) 

Peak stress 
(MPa) 

No 
treatment 

Aluminum 15.96+0.0 21.99+0.14 4.7+0.03 293.3+1.97 

Carbon fiber 9.18+0.02 12.5+0.76 1.2+0.19 126.5+20.4 

Composite 26.16+0.6 29.8+0.97 9.1+0.36 348.6+20.1 

Heat 
treatment Composite 26.73+0.1 25.7+0.81 8.2+0.51 306.6+21.1 

Chemical 
treatment Composite 29.48+0.5 17.3+0.51 9.1+0.31 310.1+10.7 

Laser 
treatment Composite 26.2+0.0 31.45+0.2 8.1+0.44 309.7+16.9 

                             

 

Figure 26: Compression on aluminum alloy 
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Figure 27: Compression on sample with no treatment 

Figure 28: Compression on heat treated sample 

 

Figure 29: Compression on chemical treated sample 
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Figure 30: Compression laser on treated sample 

 
Figure 31: Comparison of peak load for compression test samples 

 

 
Figure 32: Comparison of peak stress for compression test samples 
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(a)  (b)  
Figure 33: a) Normal, heat treated samples.  b) Laser, chemical treated samples. 

 

5.3 4-Point Bend Test 

5.3.1 Theoretical Calculation 

Table 11: Modulus of Aluminum and Carbon Fiber 

Material E1 (GPa) E2 (GPa) G (GPa) Poisson’s Ratio Ʋ 
Aluminum 105.5 105.5 39.66 0.33 
Carbon fiber 79.8 79.8 32.44 0.23 

 
Figure 34: Thickness and co-ordinate locations of laminates 

where h0=-0.001928m 

h1=-0.000027m 

h2=0.001928m 

Q1= 1.0e+010 * �
8.4257 1.9379 0
1.9379 8.4257 0

0 0 3.2440
� 
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Q2= 1.0e+011 * �
1.1839 0.3907 0
0.3907 1.1839 0

0 0 0.3966
� 

From equation 3, 

A= 1.0e+008 * �
3.9426 1.1474 0
1.1474 3.9426 0

0 0   1.3976
� 

 

From equation 4,    

B= 1.0e+004 * �
6.3260 3.6490 0
3.6490 6.3260 0

0 0 1.3380
� 

From equation 5, 

D=  �
484.1259 139.6364 0
139.6364 484.1259 0

0 0 172.2431
� 
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Flexural Longitudinal Modulus: 



35 

𝐸𝐸𝑥𝑥 = 12
ℎ3∗𝐷𝐷∗11

 -----------(6)         

   = 12
0.0038563∗0.0023

 

                                                      =91Gpa 

Flexural Transverse Modulus: 

𝐸𝐸𝑦𝑦 = 12
ℎ3∗𝐷𝐷∗22

 ------------(7) 

  = 12
0.0038563∗0.0023

    

                                                     =91Gpa 

5.3.2 Results 

Table 12: 4-Point Bend Test Results 

 Modulus 
(GPa) UTS (MPa) Load at break 

(KN) 
Stress at 

break (MPa) Strain at break 

Aluminum alloy 105.5+0.2 536.1+28.4 0.362+0.025 506.5+26.7 1.2096+0.05 
Carbon Fiber 79.8+6.2 404.9+23.5 0.088+0.006 385.8+27.3 0.8306+0.04 
No treatment 95.4+3.8 541.8+25.5 0.951+0.06 540.0+26.3 0.7512+0.08 

Heat treatment 92.6+3.8 476.1+8.3 0.811+0.03 476.1+8.3 0.6321+0.05 
Chemical treatment 90.9+2.3 638.5+10.4 1.078+0.02 637.6+9.7 1.2124+0.02 

Laser treatment 92.7+1.7 659.1+20.1 1.154+0.05 658.2+19.8 1.2817+0.03 
 

 
Figure 35: Bending test on aluminum alloy 
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Figure 36: Bending test on sample with no treatment 

 

Figure 37: Bending test on heat treated sample 

 
 

Figure 38: Bending test on chemical treated sample 
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Figure 39: Bending test on laser treated sample 

 

 

Figure 40: Comparison of break loads for flexural samples 
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Figure 41: Comparison of break stress for flexural samples 

 

Figure 42: Comparison of strain for flexural samples 
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surface of the substrate (Figure 40) by the impressions made on the surface. It is 

understood better in the Lap shear section. 

The flexural strength of a material is higher than its tensile strength, due to the 

fact that during a tensile test, the whole specimen is subjected to a constant stress 

whilst in flexure; a relatively small region of the specimen is subjected to the maximum 

stress. 

  

Figure 43: Normal bending sample Figure 44: Chemical treated bending sample 
 

(a)  

(b)  (c)  

Figure 45: a), b) Chemical treated  c) Laser treated 
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5.4 Lap Shear Test: Results 

Table 13: Lap Shear Test Results 

Treatment Peak load 
(KN) Width(mm) Shear area 

(mm2) 
Lap shear 

strength (MPa) 
No 

treatment 3.60+0.04 25.80+0.28 655.32+7.2 4.2095+0.12 

Heat 
treatment 3.92+0.15 25.62+0.25 650.87+6.3 6.0217+0.29 

Chemical 
treatment 5.43+0.13 25.03+1.33 635.85+25.0 8.5522+0.32 

Laser 
treatment 5.61+0.05 25.52+0.50 648.12+12.4 8.6649+0.24 

 

 

Figure 46: Lap shear on sample with no treatment 

 

Figure 47: Lap shear on heat treated sample 
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Figure 48: Lap shear on chemical treated sample 

 

Figure 49: Lap shear on laser treated sample 

 

 

Figure 50: Comparison of peak load for lap shear samples 
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Figure 51: Comparison of lap shear strength 

Similarly, the lap shear samples were examined to identify the failure. The 

sample followed the same order for the lap shear strength: 

Laser treated samples > Chemical treated > heat treated > Normal samples. 

Closer inspection of all the samples over the shear area (metal/fiber interface) 

highlights the idea of the adhesive bond area of the metal and the fiber. Impressions 

left on the metal can be observed (figure 49). These impressions are directly 

proportional to the strength of the composites.  
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(c)  (d)  
Figure 52: a) No treatment b) Heat treatment c) Chemical treatment d) Laser 

treatment 
 

5.5 EDAX -Chemical Element Composition 

Table 14: Chemical Element Composition 

Treatment Normal Heat treatment Chemical 
treatment Laser treatment 

Element Weight 
% 

Atomic 
% 

Weight 
% 

Atomic 
% 

Weight 
% 

Atomic 
% 

Weight 
% 

Atomic 
% 

Al K 75.66 71.52 62.33 55.9 76.6 68.82 26.51 15.06 
Mg K 6.97 7.32 9.82 9.78 1.51 1.5 16.89 15.87 
O  K 6.82 10.87 10.34 15.64 6.65 10.07 31.52 44.99 
Cu L 4.06 1.63 6.17 2.35 3.45 1.32 0.43 0.16 
C  K 3.27 6.95 6.95 14 8.08 16.32 8.05 15.3 
V  L 1.4 0.7 1.81 0.86 0.95 0.45 5.93 2.66 
Si K 0.55 0.5 0.97 0.83 0.84 0.72 3.94 3.21 
Zn L 0.4 0.16 0.47 0.17 0.85 0.31 2.35 0.82 
Mn L 0.34 0.16 0.21 0.09 0.15 0.07 0 0 
Fe L 0.28 0.13 0.4 0.18 0.13 0.06 1.1 0.45 
Zr L 0.21 0.06 0.21 0.06 0.14 0.04 0.21 0.05 
Cr L 0.03 0.02 0.33 0.15 0.16 0.07 0.59 0.26 
Ti L 0 0 0 0 0.49 0.25 2.48 1.18 
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Figure 53: Spectrum for normal sample 

 

 

Figure 54: Spectrum for heat treated sample 
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Figure 55: Spectrum for chemical treated sample 

 

 

Figure 56: Spectrum for laser treated sample 
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CHAPTER 6 

CONCLUSIONS 

The present work shows the effect of different treatments on the substrate of a 

composite on the mechanical properties. For most of the mechanical properties both 

laser and chemical treatments on the substrate of the composite showed a significant 

increase of the mechanical properties when compared to the composite with heat 

treatment and no pre-treatment on the substrate. It is due to the higher degree of bond 

strength due to the pre-treatments. Heat treated samples are intermediate between 

the normal samples (samples without any treatment) and the chemical, laser treated 

samples. The tendency observed is Laser treatment > Chemical treatment > Heat 

treatment > Normal samples. In some cases, the tendency failed due to several 

factors. The factors that affect the properties are the consolidation pressure, thermal 

residual stress that developed during the laser treatments, and the deformations 

during the making of sample. It is also affected by the geometry of the substrate used. 

The thermal expansion coefficient also makes a huge difference on the mechanical 

properties of the composite.  

A resin other than that present in the prepreg with the same glass 

transition temperature may also be used to report any improvement in the bond 

strength. With increase in bond strength higher strengths can be achieved.  
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