
BRNO UNIVERSITY OF TECHNOLOGY
VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ

FACULTY OF MECHANICAL ENGINEERING
FAKULTA STROJNÍHO INŽENÝRSTVÍ

INSTITUTE OF AEROSPACE ENGINEERING
LETECKÝ ÚSTAV

FATIGUE CRACK GROWTH RETARDATION TECHNIQUES FOR
THE INTEGRAL AIRFRAME STRUCTURE
FATIGUE CRACK GROWTH RETARDATION TECHNIQUES FOR THE INTEGRAL AIRFRAME STRUCTURE

DOCTORAL THESIS
DIZERTAČNÍ PRÁCE

AUTHOR
AUTOR PRÁCE

Ing. Václav Jetela

SUPERVISOR
ŠKOLITEL

doc. Ing. Josef Klement, CSc.

BRNO 2022





Abstract

A problem with fast crack propagation arose from utilizing integral airframe struc-

ture. One of the techniques to slow down crack propagation and prolong the fatigue

life is the application of crack retarder. The aim of this thesis is to compare the

performance of additively manufactured crack retarders with bonded ones in terms

of the fatigue life, crack growth rate and delamination. In case of the bonded crack

retarders; no attention has been paid to the crack retarders made of stainless steel.

The stainless steel appears to be a suitable candidate for its coefficient of thermal

expansion close to the aluminum, high strength and elastic modulus. Regarding the

additively manufactured crack retarders, little or no attention has been paid to the

crack retarders made of metals different than the base structure.

To address this research gap, two distinctive technologies were selected: cold

spray and ultrasonic consolidation. Using the cold spray, the titanium and stain-

less steel crack retarders were deposited. Using the ultrasonic consolidation, the

stainless steel crack retarders were welded. In the experimental work, the crack ad-

vance was visually observed. The crack retarder delamination was monitored using

the pulsed thermography with subsequent Thermographic Signal Reconstruction.

Bonded stainless steel crack retarders proved to be an suitable alternative to the

already proven carbon fibre crack retarders. Stainless steel retarders significantly

lowered the fatigue crack growth rate which resulted in longer fatigue life. However,

all cold sprayed crack retarders accelerated crack growth rate and led to the spec-

imen’s premature failure. Ultrasonically consolidated crack retarder with two steel

layers was the most effective in the life prolongation. The study also proved, that

the delamination in the ultrasonically consolidated metal laminates can be detected

using pulsed thermography.

Keywords: Selective reinforcement, Bonded Crack Retarder, Cold Spray, Ultra-

sonic Consolidation, Crack growth, Damage Tolerance, Thermography, Delamina-

tion.
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Abstrakt

Únavová trhlina roste v integrálńı konstrukci rychleji než v konstrukci nýtované.

Tento problém se projevuje výrazně nižš́ı životnost́ı integrálńı konstrukce. Jednou

z metod jak omezit r̊ust dlouhých únavových trhlin je aplikace lokálńıho vyztužeńı,

tzv. zastavovače trhliny. Zastavovač omezuje rozevřeńı čela trhliny, č́ımž výrazně

zpomaluje jej́ı r̊ust.

V prvńı části práce jsou kriticky hodnoceny dosavadńı studie zabývaj́ıćı se meto-

dami zpomalováńı r̊ustu dlouhých únavových trhlin. Rešerše je rozš́ı̌rena i na tech-

nologie, které materiál nepřidávaj́ı, ale např́ıklad pouze měńı stav materiálu pod-

kladové konstrukce. Studie jsou hodnoceny s ohledem na použité technologie, ma-

teriály a zvýšeńı únavové životnosti. Rovněž jsou zmı́něny obecné závěry týkaj́ıćı

se požadavk̊u na vlastnosti optimálńıho zastavovače trhlin. Na konci rešerše jsou

diskutovány směry, kterými by se mohl ub́ırat výzkum v oblasti zpomalováńı r̊ustu

dlouhých únavových trhlin.

Na základě zjǐstěných mezer v současném stavu poznáńı byl stanoven ćıl práce;

porovnat dopad lepených a aditivně vyrobených zastavovač̊u na r̊ust trhliny v kon-

strukci z hlińıkové slitiny. Přičemž byly vybrány tyto aditivńı technologie: cold spray

a ultrazvuková konsolidace. Obě tyto technologie umožňuj́ı vytvořit vysokopevnostńı

spoj mezi nestejnými kovovými materiály, č́ımž by bylo možné minimalizovat rozvoj

delaminace mezi zastavovačem a podkladovou konstrukćı. Z hlediska materiál̊u

se práce zaměřuje zejména na vysokopevnostńı nerezovou ocel z těchto d̊uvod̊u:

vysoká pevnost, vysoký modul pružnosti v tahu a koeficient tepelné roztažnosti

bĺızký hlińıkové slitině. Pro potřeby porovnáńı byly do studie zahrnuty i lepené

zastavovače z uhĺıkového kompozitu a stř́ıkané zastavovače z titanové slitiny.

Teoretická část práce poskytuje vhled do lineárńı lomové mechaniky a š́ı̌reńı

dlouhých únavových trhlin. Rovněž jsou diskutovány efekty maj́ıćı dopad na r̊ust

únavových trhlin v kovových konstrukćıch. V kapitole jsou také představeny jed-

notlivé technologie použité pro výrobu zastavovač̊u trhlin v této práci. V závěru

kapitoly jsou podrobně rozebrány mechanismy a vlastnosti zastavovač̊u trhliny, které

maj́ı pozitivńı i negativńı dopad na rychlost š́ı̌reńı trhliny v podkladové konstrukci.
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V experimentálńı části práce je nejprve popsána výroba vzork̊u se zastavovači

trhlin. V př́ıpadě lepených zastavovač̊u byly použité v minulosti osvědčené pos-

tupy úpravy adherend̊u. V př́ıpadě zastavovač̊u stř́ıkaných metodou cold spray byly

použity v minulosti optimalizované procesńı parametry nástřiku. Pro výrobu ultra-

zvukově konsolidovaných zastavovač̊u bylo nezbytné provést optimalizaci procesńıch

parametr̊u, protože jejich hodnoty nebyly pro danou aplikaci ověřené. Připravené

vzorky byly podrobeny cyklickému zat́ıžeńı při němž se opticky pozoroval vznik

a následný r̊ust únavové trhliny. Za účelem zachyceńı delaminace byla vyztužená

strana vzorku sńımána termokamerou. Termokamera sńımala teplotńı odezvu vzorku

po optické excitaci. Termogramy byly dále zpracovávány metodou rekonstrukce ter-

mografického signálu za účelem zvýšeńı kontrastu delaminace.

Měřeńım bylo prokázalo, že zastavovače z nerezové oceli významně prodloužuj́ı

životnost hlińıkové konstrukce a snižuj́ı rychlost š́ı̌reńı trhliny. To plat́ı pro zas-

tavovače lepené a ultrazvukově konsolidované. Zastavovače z titanové slitiny a nere-

zové oceli vyráběné metodou cold spray nebyly efektivńı. Jejich aplikace na pod-

kladovou konstrukci vedla ke sńıžeńı únavové živostnosti a zvýšeńı rychlosti š́ı̌reńı

únavové trhliny v podkladové konstrukci. Stř́ıkané zastavovače nedelaminovaly;

únavová trhlina prorostla př́ımo do zastavovač̊u trhlin. K př́ımému r̊ustu trhliny do

zastavovače došlo i v př́ıpadě vzorku s ultrazvukově konsolidovanými zastavovači.

Zastavovače ze dvou vrstev oceli umožnily zpomalit r̊ust únavové trhliny nejv́ıce.

Zastavovač v tomto př́ıpadě delaminoval. Přičemž závislost velikosti delaminace na

počtu cykl̊u má stejný trend jako v př́ıpadě zastavovač̊u lepených.

Tato disertačńı práce porovnává dopad doposud nevyzkoušených materiál̊u za-

stavovače a výrobńıch technologíı na rychlost š́ı̌reńı trhliny v hlińıkové konstrukci,

delaminaci zastavovače a životnost vzorku. Výsledky studie je možné využ́ıt k tvorbě

model̊u predikuj́ıćıch r̊ust trhliny v ultrazvukově konsolidovaných a lepených kon-

strukćıch. Výsledky experimentálńıch měřeńı nav́ıc prokazuj́ı, že je možné detekovat

delaminaci v ultrazvukově konsolidovaném laminátu metodou pulzńı termografie.

Kĺıčová slova: Lokálńı vyztužeńı, Lepený zastavovač trhliny, Cold spray, Ultra-

zvuková konsolidace, Růst trhliny, Př́ıpustné poškozeńı, Termografie, Delaminace.

5



Citation
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for machining support prior testing. Special thanks to my friend, Jakub Holzer, for

SEM and OM images. Thanks should also go to Penta Trading’s technician, Tomáš
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Chapter 1

Introduction

1.1 Problem formulation

The primary airframe structure may consists of stringers, skin and trusses. Riveting,

a traditional technique to join these structural elements together, is being replaced

by the integral airframe structures manufacturing (Fig. 1.1). Besides the welded

integral structures, where stringers are made separately and then welded to the

separately manufactured skin, the integral panels can be extruded or high-speed

machined. There, stringers and skin are made from one piece.

Figure 1.1: Stiffened wing structures [1].
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In comparison with the riveted structures, the integral airframe structures saves

weight and contain less stress concentrators but do not contain the physical barri-

ers against fatigue crack growth. The physical barrier is classified as a place in a

structure where one part of a structure is covered by another part (Fig. 1.2). If

the physical barriers are non-existent, the fatigue crack can grow from one part to

another without a delay [1]. This results in the earlier fatigue failure of integral

structure. Such problem can be expressed by the fatigue crack growth curve of both

structures (Fig. 1.3).

Figure 1.2: A comparison of integral and riveted structures: Physical barrier marked
with blue colour [1].

Figure 1.3: Duration of crack growth in riveted and integral panel skin from initial
skin crack beneath broken central stringer [1].
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1.2 Justification of the problem

According the previous section, the integral airframe structure can be seen as a

fatigue critical component. With respect to the study from 2002 [2], fatigue had

contributed 55% towards aircraft service failures (Tab. 1.1). Regulators are aware

of it and thus penalize unitized structures by imposing an additional design safety

factor [3]. By increasing the number of design safety factors, the aircraft structure

becomes heavier. Considering these facts, it is even more important to cope with

fatigue life extension of such structures to create greener aircraft.

Moreover, as the fatigue life extends, a decrease in the number of airframe inspec-

tions can be attained. It is desirable to reduce the number of inspections because:

(1) the airframe maintenance occupies 30% of total aircraft maintenance cost and

(2) the airframe maintenance cost per flight hour steadily increases as the aircraft

ages [4].

Table 1.1: Frequency of failure machanisms in percentages [2].

Failure type
Engineering
components

Aircraft
components

Corrosion 29 16
Fatigue 25 55
Brittle fracture 16 -
Overload 11 14
Hight temperature corrosion 7 2
SCC/Corrosion fatigue/HE 6 7
Creep 3 -
Wear/abrasion/erosion 3 6

13





Chapter 2

Literature review

A research in fatigue crack growth retardation is evaluated in terms of used tech-

nologies, materials and obtained increases in fatigue life. The individual studies

are arranged chronologically with a section for each technology. Moreover, general

conclusions regarding crack retarder’s performance, design and limitations are high-

lighted. At the end of this chapter, recommendations for further research directions

are made with respect to obvious knowledge gaps.

2.1 Bonded crack retarders

In 1989, Schijve published a paper about the fatigue life evaluation of panels made

of 2024-T3 alloy with the bonded, riveted and the integrally machined crack re-

tarders. The crack retarders were made of Al alloy, Ti alloy and ARALL [5]. It was

documented that the fatigue life of panel with BCRs was longer than the fatigue life

of panel with riveted and integrally machined retarders. The stiffness of retarder

and interference (retarder/panel) have the biggest impact on the effectiveness of re-

tarder. It is well known that the bonded joint is much stiffer than the riveted joint.

Probably this led to the longer fatigue life in case of the BCRs. Fatigue sensitivity

is another important aspect. Fatigue crack nucleation was observed in all riveted

retarders. As the crack initiated in the retarder, the enhancement in fatigue life

was negligible. In case of the BCR, an adhesive acted as a barrier against the crack

growth. According to the material selection, Ti alloy can offer excellent resistance
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against fatigue. However, existing mismatch between the CTE of Ti and Al alloy

leads to high thermal residual stresses, both in the retarder and the panel. At the

end, the fatigue life of panel with Ti BCRs increased by a factor of 1.7 and with

ARALL retarders increased by a factor of 1.4–2.0. In other words, the ARALL

retarders performed as good as the Ti retarders.

Farley et al. presented results of a study aimed for the increase in fatigue life of

CT specimens made of 7075 alloy with MMC retarders in 2004 [6]. Retarders were

composed of the Al2O3 fibres and the Al-matrix. The individually manufactured

retarders were adhesively bonded into the machined grooves on a both sides of the

specimen. The increase in fatigue life by a factor of 5.0 was observed, however, the

fatigue crack growth test did not continue till the final failure. Authors also did

the parametric study to investigate the influence of retarder’s width, thickness and

adhesive stiffness on the crack growth and the fracture toughness.

In 2005, Zhang and Li focused on experiments with the riveted, welded and

the integrally stiffened panels made of 2024-T351 alloy [7]. To investigate the in-

crease in fatigue life, the integrally machined panels with the Ti and CF BCRs were

numerically analysed. Fatigue crack growth tests were supported by FEA for the

welded and the integrally stiffened panel. In the analyses, the effect of continuous

debonding during the crack propagation was also included. It appeared that the

machined and the welded stiffeners lowered the SIF much more than the riveted

ones. Moreover, the temperature mismatch after welding process introduced the

compressive residual stresses between stiffeners and the positive residual stresses in

the proximity of stiffeners. Negative residual stresses are favourable, they lower SIF

and thus contributes to the fatigue life extension. The fatigue life of welded panels

was much longer (factor 1.6) in contrast with integral ones. However, an unstable

crack propagation occurred after the failure of stiffeners. The longest theoretical

extension in the fatigue life by factor of 3.5 was observed in case of panel with CF

UD BCRs. See Fig. 2.1 for a prediction.

The Colavita et al. wrote a paper oriented to the fatigue crack growth retardation

in the 2024-T3 alloy M(T) specimens with CF retarders in 2006 [8]. The effect of

adhesive curing temperatures on the fatigue crack growth was investigated. The
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Figure 2.1: Predicted crack growth lives for integrally machined panels with and
without crack retarder straps; aircraft service load spectrum (σmax = 138 MPa) [7].

specimen cured at RT experienced lower residual stress levels, and thus longer fatigue

life, than the specimen cured at 70 °C. The fatigue life of first specimen increased

by factor of 3.0 while the latter one increased only by a factor of 1.09 . During the

fatigue crack growth test, the continuous debonding started to grow, as the crack

passed the first edge of retarder. Although the tests were supported by FEA, the

analyses were conservative only up to the last edge of retarder.

In 2008, Zhang et al. continued at work of Colavita et al. They engaged in the

testing of 2024-T351 M(T) specimens and 7085-T7651 SENT specimens with GF

and Ti crack retarders [9]. Tests conducted during this and the previous study were

supported by FEA incorporating a new model of continuous debonding. In case

of the SENT specimens with CF crack retarders cured at 120 °C, the fatigue life

extension was not significant (factor 1.07), as opposed to specimens with Ti crack

retarders (factor 1.6) and GF crack retarders (factor 1.35). They concluded that

both the CTE and the stiffness of CF crack retarder were dissimilar to substrate’s

values, resulting in high shear stresses in the adhesive joint. This led to the delami-

nation within the BCR and/or in the adhesive joint. Delamination localization rely

on the toughness of adhesive and matrix. The higher the toughness, the more likely

the delamination occurs.
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A Boscolo et al.’s study on a fatigue life increase through crack retarders made

of GLARE, CF, GF and Ti alloy was focused on the completion of FE model [3]

to support Colavita’s experiments. The influence of retarder’s material, size and

location on the fatigue crack growth was examined. In addition, they developed a

design tool to achieve the optimal crack retarder design in terms of prescribed fatigue

life target and minimum structural weight added by the crack retarder. Their two-

dimensional modelling technique, called LICRA, comprises progressive delamination

based on Tahmasebi’s adhesive model [10], the computation of thermal residual

stresses and their redistribution during the crack propagation. This extensive work

is discussed in detail in Boscolo’s PhD thesis [11]. Based on experimental observation

and FE modelling, Boscolo concluded:

· higher BCR elastic modulus and cross section increase the fatigue crack growth

retardation,

· as the adhesive stiffness increases, the bridgining effect increases,

· as the adhesive toughness increases, the delamination propagation decreases,

· at lower SIF ranges, the TRS can negatively affect or cancel stiffening and

bridging effect,

· at higher SIF ranges, the BCR elastic modulus and cross section are the major

design parameters.

The Liljedahl et al. numericaly analysed the thermal residual stresses in the

7085-T651 SENT specimen with Ti crack retarders. The modelling results matched

well with experimental observations [12].

In 2009, Liljedahl et al. wrote a paper about the change in residual stress dis-

tribution during fatigue crack propagation in 7085-T7651 SENT specimens with Ti

and CF crack retarders[13]. The measured residual stresses were validated through

FE analyses. Authors observed the continuous delamination as the crack passed the

last edge of crack retarder. The greatest crack retardation between the stiffened

and unstiffened side was observed in the specimens with CF crack retarders. This

was caused mainly due to the high elastic modulus of CF crack retarder. Authors

18



concluded that the stiffness ratio, residual stresses and the presence of delamination

have the greatest impact on the fatigue crack growth.

Moreira and Castro analyzed the fatigue life of 6056-T651, 6056-T4 and 6056-T6

integrally stiffened panels produced using the high speed cutting, friction stir and

laser beam welding in 2010 [14]. Authors came to the same conclusion as Li and

Zhang; welded panels possess longest fatigue life.

Irving et al. presented at the ICAF 2011 a paper on a crack retardation in 7085-

T7651 M(T) and SENT specimens with GLARE, Ti, Al and CF crack retarders [15].

A series of tests were conducted at three stress levels with the CA and VA loading.

The greatest increase in fatigue life was observed in the specimen with Al crack

retarders (factor 3.8, SENT specimen, CA) and the GLARE crack retarders (factor

2.7, M(T) specimen, CA). However, an unwanted crack nucleation and growth were

detected in the Al crack retarders. Fatigue crack growth tests were conducted once

again on the integrally stiffened panels with GLARE and Al crack retarders, and

supported by FE analyses comprising a delamination. The greatest advantage of

GLARE lies in its CTE close to the substrate’s value resulting in lower residual

stresses in the substrate (Fig. 2.2), and thus longer fatigue life. Liljedahl in his

study on an evolution of residual stresses in specimens with GLARE, Ti, CF crack

retarders came to the same conclusion [16]. The measured residual stresses matched

the residual stress levels from FE analyses.

In 2011, Liljedahl in his study on an evolution of residual stresses in specimens

with Ti crack retarders tested at RT and -50 °C came to the conclusion that ther-

mal residual stresses at such temperature are twice as large compared to the room

temperature [17].

Brot and Kressel finished the experimental and numerical studies on the 2024-

T351 panels stiffened with CF and BF crack retarders [18]. The tests were performed

at RT and -50 °C. The fatigue life of panels tested at RT with CF crack retarder

increased by a factor of 2.0 and with BF BCR by a factor of 1.6. The decrease in

the ambient temperature to -50 °C led to much longer fatigue lives in case of the

specimen with CF retarder (factor 6.5). Authors emphasized that no delamination

between the substrate and the retarder had been observed.
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Figure 2.2: Measured longitudinal residual stresses (average values) in a 10 mm thick
SENT sample bonded with 20 mm wide, 200 mm long straps. Measured residual
stresses are 2.5 mm from the bond interface [15].

Ma et al.’s paper is aimed to the fatigue life extension through GLARE crack

retarders bonded on the friction stir welded 7085-T7651 ESET specimen [19]. Prior

to testing, specimens were cured at RT and 120 °C. The specimen cured at RT

experienced longer fatigue life (factor 3.0) than the latter one (factor 2.4). The

experimental study was supported by FE analyses incorporating thermal residual

stresses. However, authors did not mention if the delamination behaviour had been

included in the analyses.

Meneghin et al. both experimentally and numerically investigated the stiffened

Al panels with Al and Ti BCRs [20]. The fatigue crack growth tests were supported

by FE analyses comprising residual stresses. As can be seen in Fig. 2.3, the intro-

duced residual stresses act together. The tensile stresses in the skin are balanced by

the compressive stresses in the substrate. Authors observed a reduction in fatigue

life as the ambient temperature decreases. At -50 °C, the retardation effect of Ti

BCRs was non-existent. In other words, the crack needed 20% less cycles to reach

the first stringer than crack in the panel without BCRs.
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Figure 2.3: TRS induced in the skin and in the stiffeners of the intact stiffened panel
with titanium doublers [20].

In 2012, Molinari et al. published an extensive parametric study on the panels

reinforced by bonded, integral and riveted stringers with BCRs [21]. Authors de-

veloped an analytical tool named LEAF to predict the damage tolerance properties

of stiffened structure. Although their technique comprises continuous delamination,

residual stresses are omitted. It was concluded that the BCRs with higher width

to thickness ratio are more effective in the retardation. With respect to the man-

ufacturing technology, the bonded and riveted panels possessed the longest fatigue

life.

Doucet et al. completed a FE model to predict a crack growth in the 2024-T351

M(T) specimen with GLARE BCRs in 2013 [22]. The main goal was to investigate

the influence of delamination size and shape to the specimen’s fatigue life. Although

a detailed model for continuous delamination was included, residual stresses were

not. Doucet in his PhD thesis refined the delamination model and incorporated

thermal residual stresses calculation [23]. This three-dimensional modelling tech-

nique, called ReSLIC , calculates the delamination extent according to the loading

mode and corresponding delamination law. The modelling technique was validated

against specimen test results; GLARE BCRs bonded on 2624-T351 M(T) specimen

increased the fatigue life by a factor of 1.17. No evidence of delamination (C-scan)

during and after the test was observed. In addition to this test program, a series

of riveted panels with and without BCRs and integrally stiffened FSW panel with

BCRs was tested under VA loading. An increase in fatigue life was obtained in all

riveted panels with BCRs. However, no general conclusions were derived for the in-
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tegrally stiffened panel, because the bare panel was not tested and the test for panel

with BCRs was preliminarily stopped due to the presence of cracks away from main

crack. Based on experimental observation and FE modelling, Doucet concluded:

· BCR delamination has no effect on the substrate SIF in the case of M(T)

specimens,

· BCR delamination has major effect on the substrate SIF in case of SEN(T)

specimens,

· wider BCR at equivalent stiffness ratio promotes longer bridging effect and

thus longer fatigue life,

· thicker substrate at equivalent stiffness ratio showed no change in fatigue life

extension,

· secondary bending is one of the major influential mechanism defining the BCR

effectivity.

Ma and Xu focused on the theoretical analyses of residual stresses in the friction

stir welded ESET specimen with crack retarder in 2014 [24]. Authors did not men-

tion the material used for the substrate and BCR, used delamination model and if

residual stresses were included in analyses.

In 2015, Syed et al. analysed the 2624-T351 SENT specimen with GLARE crack

retarders damaged by local impact [25]. The fatigue life of undamaged specimen with

GLARE crack retarders increased by a factor of 2.3, whereas the specimens impacted

with 35 J showed a 55% reduction in fatigue life when compared to the undamaged

specimen. Furthermore, Syed’s PhD thesis [26] studied the fatigue crack growth

at specified temperature, after thermal cycling and after impact damage in various

specimens made of 2624-T351 alloy. Residual stresses and their redistribution during

fatigue crack propagation were also evaluated. Based on experimental work, Syed

concluded:

· thermal cycling does not have significant effect on the fatigue lives of M(T)

specimens with GLARE BCRs,
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· the fatigue life of M(T) specimen with GLARE BCRs is almost identical to

specimen without BCRs tested at -60 °C and +70 °C,

· load carrying BCRs bonded on M(T) specimen can significantly improve the

fatigue life, compared to BCRs with shear load transfer.

2.2 Geometry modification

In 2006, Llopart et al. both experimentally and numerically investigated the influ-

ence of stringer geometry on the SIF and crack deviation in the 6013-T6 integrally

stiffened panels [27]. Using the ”double stringer flange”, the biggest drop in the

SIF was obtained. Authors concluded that as the SIF factor drops, the probability

of change in the crack trajectory decreases. Apparently, a crack path can be devi-

ated at the certain distance from a stringer, where stringer’s influence on the SIF is

negligible.

In 2008, Uz et al. published a paper about work on the 2139-T351 laser beam

welded panels with systematic thickness variations, i.e. crenellations [28]. The

panels were tested at the CA and VA loading. Authors experimentally verified that

the fatigue life gain in the slow growth region (thin section) is always higher than

the life shortening in the fast growth region (thick section). The crenellated panel

showed approximately a 65% longer fatigue life compared to the reference panel

of the same weight. Although an attempt to predict crack propagation was made,

prediction was highly unconservative.

In 2004, Sepe et al. compared the fatigue life of chemically milled 2024-T3 panel

with bonded panel during multi-axial loading [29]. Both panels were not stiffened

by stringers. Bonding led to an increase in fatigue life by a factor of 1.5–2.0.

In 2015, Lu et al. completed a numerical study on fatigue life extension through

crenellations [30]. An optimization procedure based on the genetic algorithm and

FEA was used to find the most effective panel geometry in terms of crack retardation.
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(a) Leaf (b) Specimen with leaf vein pattern.

Figure 2.4: Crack growth [31].

In 2020, Liu et al. laser cladded 2024 CT specimen with leaf vein pattern made

of 7075 alloy [31]. Leaf vain patterns deflected the primary crack and initiated the

propagation of secondary cracks (Fig. 2.4). Sacrificing a slight weight increase, the

fatigue life increased by a factor of 1.4–2.3.

2.3 Cold spray

Jones et al. did an experimental study on the 2024-T3 M(T) and SENT specimens

with deposited as-sprayed 7075 crack retarders in 2011 [32]. The main goal was to

investigate the damage tolerance properties of cold sprayed structure. An ability

of the 7075 CSCR to carry load during crack propagation was proved. Authors

broadened the topic with experimental work on the riveted specimens with the

cold sprayed 7075 layer in 2014 [33]. They investigated the possibility to seal the

riveted join, repair adjacent cracked and corroded skin. The crack retarder did not

delaminate and remained uncracked up to the crack length of 6 mm in the substrate.

Moreover, the crack retarder withstood stresses up to 200 MPa under representative

flight load spectra. At the end of the experimental study, crack retarders were

deposited on the F/A-18 Hornet wing attachment centre barrel to demonstrate its

ability to bond on a complex geometry and withstand bending moment spectrum.

Authors concluded that further research is required to determine the upper stress

limit before the crack retarders potentially delaminate or crack.
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2.4 Residual stresses

Among other possibilities to slow-down the crack propagation, there are technologies

introducing thermal or mechanical residual stresses. Well known shot peening and

derived laser shock processing; these technologies have been proved to be successful

at introducing mechanical residual stresses in various aircraft structures. It has been

observed that the compressive residual stresses are generally of the order of 0.5–0.6%

yield strength [34]. The thermal residual stresses can be introduced by the Electron

Beam Suface Processing Technology and the Laser Surface Processing Technology.

Zhang et al. described the individual regions after electron beam irradiation in

Al, Ti and Mg specimens [35]. A detailed analysis of the Al and Mg specimens

revealed that the plastic deformation associated with the imparted stresses can ex-

tend over several hundreds of micrometres. Ivanov et al.’s evaluated the fatigue

life of Al-Si specimen after electron beam irradiation [36]. An increase in fatigue

life by a factor of 3.5. was obtained. Studies focused on lowering the fatigue crack

growth rate in a wrought Al alloys by EBSP has not been published. On contrary,

this technology appeared to be useful for reducing the crack growth rate in wrought

steels [37], [38].

Schubel et al. modified the surface of 2198-T8 CT specimen by a laser to de-

termine an effect on the specimen’s fatigue life [39]. To lower the reflectivity of

specimen, the SiC powder was deposited on a surface. After the irradiation, the

thermal residual stresses and hardness profiles were measured. The irradiated speci-

men showed an increase in fatigue life by a factor of 3, but a decrease in the hardness

in the heat zone and the heat-affected zone. The residual stresses were found to be

similar to that found after welding. Authors attributed the increase in fatigue life

to those stresses and not to microstructural changes. This study was further ex-

panded to support the experimental results by FE analyses [40]. Input parameters

for the VCCT were evaluated individually for the mechanical and thermal loading.

Then the superposed loads were used as input variables for the Walker equation-

based prediction. At the end, sensitivity analyses revealed a major impact of input

parameters on crack growth prediction represented by a fatigue crack growth curves.
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Groth et al. both experimentally and numerically investigated the laser-irradiated

2024-T3 CT specimens to evaluate the thermal residual stresses, microstructural and

fatigue life changes [41]. Process parameters were optimized to ensure the highest

levels of thermal residual stresses while maintaining a minimal surface deformation.

An optimal position of the irradiated areas was determined using FE analyses cal-

ibrated by thermocouples. Only a slight increase in the fatigue life was obtained

(factor 1.1). Authors expanded their research by a study on the number and shape

of irradiated areas. The application of the dashed line pattern led to a greater de-

crease in the fatigue crack growth rate resulting in longer fatigue life (factor 1.2).

Authors finally suggested the application of two lines to ensure a crack retardation

independent of the location where a possible crack emerges.

In 2017, Cunha et al. expanded the topic to evaluate the effect of rolling direction

[42]. It was not concluded that the rolling direction significantly affects the thermal

residual stresses induced by the laser irradiation. Besides this, an increase in fatigue

life by a factor of 1.6 was obtained in 2024-T3 CT specimens with the dark-coloured

layer and two heated zones. Because the hardness decreased in the heat zone,

authors suggested further research on mechanical properties of laser-irradiated area.

2.5 Consolidation

In 2013, Bird et al. reinforced the 2219-T851 and 2195-T8 specimens with the Al2O3

MetPreg™ [43] tape utilizing the Vacuum Hot-Pressing [44]. The combination of two

matrices (Al and Al–2 Cu) and two crack retarder locations were tested by the three-

point bending test with the increasing loading amplitude. Although the fibres did

not maintain the load-carrying capability at the end of the test, no delamination

occurred.

In 2018, Hehr et al. did an experimental and numerical study on the 6061-H18

NASA LaRC Digital Twin specimens reinforced with the Al2O3 MetPreg™ tapes

and 6061-H18 foils using the Ultrasonic Consolidation and CNC machining, i.e. the

Ultrasonic Additive Manufacturing (UAM) [45]. Static FE analyses were used to

determine location and the number of MetPreg™ layers. An increase in fatigue
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life by a factor of 120 was identified. However, the authors did not mention the

loading conditions and whether the load was proportionally increased for reinforced

specimen.

2.6 Summary

The previously discussed studies are summarized in Tab. 2.1. With regards to the

most efficient crack retarder design, one can find used material combinations (sub-

strate/retarder) and fatigue life increases. To compare the individual technologies,

other retardation techniques are also mentioned.

2.7 Prospects

It is apparent from the reviewed studies that the effectiveness of crack retarder is

mostly determined by its:

· elastic modulus,

· coefficient of thermal expansion,

· delamination resistance.

The thermal residual stresses can be lowered by using the crack retarder made

of material with higher CTE. Some steels possess the CTE close to the substrate’s

value. Additionally, due to the high elastic modulus of steel, more load can be

transferred from the substrate. However, the relatively high density of steel probably

impeded its application to crack retarders.

The application of CF crack retarders always leads to a high level of thermal

residual stresses both in a substrate and crack retarders. Using the fibre metal

laminate crack retarder, the thermal residual stresses can be lowered. This has

been successfully achieved by the GLARE crack retarders. Studies focused on the

application of CARE crack retarders are lacking.
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Table 2.1: Summary of crack retarder studies.
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BCR

1989 Schijve 2024-T3 ∗ ∗ ∗ ARALL 2.0 88.3 0.33 RT 120
2004 Farley 7075 ∗ AlF 5.0 6.9 0.1 RT ?
2005 Zhanga 2024-T351 ∗ ∗ CF 3.5 138 VA
2006 Colavita 2024-T3 ∗ CF 3.0 70 0.1 RT RT
2008 Zhang 7085-T7651 ∗ ∗ ∗ Ti 1.6 18.57 0.1 RT 120
2009 Liljedahl 7085-T7651 ∗ ∗ Residual stress study RT 120
2011 Liljedahl 7085-T651 ∗ Residual stress study RT/-50 120
2011 Irving 7085-T7651 ∗ ∗ ∗ ∗ Al 3.8 17 0.1 RT 120

GLARE 2.7 60 0.1 RT 120
2011 Brot 2024-T351 ∗ ∗ CF 2.0 85.6 0.1 RT 120

CF 6.5 85.6 0.1 -50 120
2011 Ma 7085-T7651 ∗ GLARE 3.0 64.29 0.1 RT RT

GLARE 2.4 64.29 0.1 RT 120
2015 Syed 2624-T351 ∗ GLARE 2.3 60 0.1 RT 120
2015 Doucet 2624-T351 ∗ GLARE 1.2 60 0.1 RT 121
2017 Jetela 2024-T351 ∗ ∗ 60 0.1 RT 80

CSCR
2011 Jones 2024-T3 ∗ Al 1.4 93.36 0.1 RT
2018 Jetela 2024-T351 ∗ ∗ 60 0.1 RT

VHPCR 2013 Bird 2219, 2195 ∗ Bending fatigue RT 299-499

UCCR
2018 Hehr 6061-H18 ∗ AlF 120.0 ? 0.1 RT
2022 Jetela 2024-T351 ∗ 60 0.1 RT

GM
2008 Uz 2139-T351 Machined crennelations 1.65 50 0.1 RT
2014 Sepe 2024-T3 Bonded crennelations 2.0 50.96 0.04 RT ?
2020 Liu 2024 Leaf vain pattern 2.3 ? 0.1 RT

RS

2015 Ivanov Al-Si Electron Beam Surface Treatment Bending fatigue RT
2012 Schubel 2198-T8 Laser Shock Processing 3.0 7 0.1 RT
2014 Groth 2024-T3 Laser Shock Processing 1.1 103.8 0.1 RT
2017 Cunha 2024-T3 Laser Shock Processing 1.6 7 0.1 RT

aFEA
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An increase in the delamination resistance increases the effectiveness of load

transfer from a substrate causing longer fatigue life. This can be achieved by in-

creasing the lap shear and peel bond strength of interface. Cold spray is a new

technology and thus not a large number of studies focused on the crack retardation

have been carried out [46]. The previously mentioned studies dealt only with Al

crack retarders applied on Al substrate. Although cold sprayed Ti [47] [48], Al and

steel [49] [50] coatings were evaluated in terms of the microstructural properties

and process parameters, the impact of such coatings on crack propagation have not

been published. A potential increase in fatigue life can be expected due to higher

adhesion of such coatings.

Besides mentioned technologies, a high-strength bond can be attained by the

TLP diffusion bonding. The TLP diffusion bonding process differs from the diffu-

sion bonding in utilizing lower clamping forces and temperatures below the melting

point using various thin interlayers, which changes local chemical composition at

the interface and lowers the temperature for bond creation. In 2010, Alhazaa et

al. measured the shear strength of 42.3 MPa of diffusively bonded 7075/Ti-6Al-4V

joint [51]. The following process parameters were used: 500 °C/1 MPa/1 hour. In

2014, Samavatian et al. achieved the shear strength of 36 MPa of a 2024/Ti-6Al-4V

joint utilizing Cu/Sn/Cu interlayer [52]. The joint was created at 510 °C for 1 hour.

Authors replaced the interlayer with the Cu/Zn/Cu but only a slight increase in

the shear strength (37 MPa) was achieved [53]. A much greater increase was ac-

complished by Anbarzadeh et al [54]. Using the Sn/Ag/Bi interlayer and two-stage

TLP diffusion bonding at 620 °C and 453 °C, they measured the shear strength of

62 MPa.

Other additive technologies like the SLM and DLD might be useful in a crack

retarder fabrication. Rapid solidification could lead to a high-strength bond be-

tween a crack retarder and substrate, and thus greater delamination resistance. A

major disadvantage of additive technologies is a large number of process parameters

that have to be selected carefully to lower the porosity and obtain good mechanical

properties. Moreover, multi-material structures cannot be heat treated sufficiently

due to the dissimilar melting temperature of individual materials, e.g. the Ti/Al
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combination. In 2015, Shamsei et al. suggested further research in process parame-

ters to obtain good mechanical and fatigue properties of laser-deposited parts [55].

However, technologies of liquid-state joining of dissimilar reactive metals are often

accompanied by the growth of brittle intermatellics at the interface, resulting in the

poor mechanical properties of joint [56].

The input thermal energy from ultrasonic welding is 70–80% lower [57], in com-

parison to e.g. SLM. Only one study on the crack retardation through ultrasoni-

cally consolidated Al2O3 crack retarders was found, although an intermetallic-free

joint between other reactive metals, e.g. Ti and Al, has been successfully achieved.

Zhang et al. measured the shear strength of 100 MPa of 2139-T8/Ti-6Al-4V joint

[58]. However, the temperature during the ultrasonic welding rose to 550 °C and

thus the joined metals had to be aged. Wolcott et al. determined the shear strength

of 46 MPa of a Ti/1100 Al joint [59]. Although the subsequent thermal treatment

triggered the formation of intermetallic compounds, the shear strength of such joint

increased to 102 MPa. Authors hypothesized that this intermetallic layer acts sim-

ilarly to the thin braze layer, and the biaxial stress state leads to an increase in the

shear strength.

A few evident research gaps were marked with bold asterisk (Tab. 2.1) in the

last row of sections: BCR, CSCR and UCCR. The combination of such technologies

and materials was chosen as a subject of research in this thesis. The exact material

combinations and specimen geometry are specified in the Chapter 3.
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Chapter 3

Aim and Objectives

The main aim of this thesis is to compare the impacts of bonded and additively

manufactured crack retarders on the fatigue crack growth in the metallic structure.

To address this aim, individual objectives are enumerated in subsequent points:

1. To measure the performance of steel bonded crack retarders. The 2024-T351

M(T) specimens with the AISI 301 bonded crack retarders will be prepared to

perform the fatigue crack growth test incorporating delamination monitoring.

2. To measure the performance of additively manufactured crack retarders. The

2024-T351 M(T) specimens with the AISI 316L, Ti-6Al-4V cold sprayed crack

retarders will be prepared to perform the fatigue crack growth test incorporat-

ing delamination monitoring. The 2024-T351 M(T) specimens with the AISI

301/Al crack retarders will be prepared to perform the fatigue crack growth

test incorporating delamination monitoring.

3. To compare the bonded crack retarders with additively manufactured ones

and find the most effective crack retarder in terms of life extension, weight

and delamination resistance.
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Chapter 4

Theory

4.1 Linear Elastic Fracture Mechanics

4.1.1 Loading modes

There are three distinctive crack loading modes. Mode I that opens the crack faces,

Mode II that slides the crack faces and causes in-plane shear and Mode III that

introduces out-of-plane shear [60]. The modes are useful to determine the individual

contribution to crack loading. In many real structures, the mixed-mode loading

occurs.

Mode I Mode II Mode III

Figure 4.1: Crack loading modes [60].
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Fatigue microcrack grows along the initial slip band orientation. However, the

fatigue macrocrack have the strong tendency to grow perpendicular to the main

principle stress (Mode I). Thus, Mode I falls exclusively within the scope of this

thesis.

4.1.2 Stress Intensity Factor

To describe the stress severity around the crack tip, Irwin [61] proposed the concept

of stress intensity factor, which originates from the linear elastic solution for the

stress field around a crack. The solution in polar coordinates (Fig. 4.2) is given by

σij(r, θ) =
K√
2πr

fij(θ) + ’other terms’ (4.1)

with

K = σ
√
πa (4.2)

r
�

�xx

�xy

�xz

�yy

�yz

�zz
x

z

y

Figure 4.2: Crack tip coordinate system and stress components.
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In those equations, σij is the stress tensor, K is the stress intensity factor, σ is

the uniform external stress field, a is the crack length and the fij is the angular

distribution function. Angular distrib. function determines the distribution of the

stresses near the crack tip along the circumference direction. The ’other terms’ are

negligible if the point is sufficiently close to the crack tip.

The Equation (4.2) defines the stress intensity factor of crack in the infinite

plate. However, this does not reflect conditions in the real structures with finite

dimensions. For this reason, the geometry correction factor β was added to the

equation:

K = σβ
√
πa (4.3)

The stress intensity factor data or geometry correction factor data can be ob-

tained from:

• Literature (e.g. [62], [63], [64])

• Numerical Methods (e.g. Direct method)

Finite Element Method [65]

Boundary Element Method [66]

Finite Difference Method [67]

• Analytical Methods

Green’s functions [68], [69]

Westgaard’s solution to Airy’s stress functions [70] [71]

Weight functions [72]

• Experimental Methods

Strain gauges [73]

Photoelasticimetry [74]

Crack Opening Displacement measurement [75]

• Empirical methods (da/dN −∆K relation, Superposition)
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This is not the comprehensive review of all methods to estimate the K fac-

tor. Many other methods have been developed, mostly combinations. It should be

pointed out that analytical methods were generally derived for idealistic geometries

and thus numerical methods must be performed for more complex geometries.

Crack displacement field

Displacement field close to the crack tip for the through-thickness cracked plate can

be written as

ui =
K

2G

√
r

2π
fi(θ) (4.4)

with

G =
E

2(1 + ν)
(4.5)

Reducing the crack opening displacement (ux), the K and crack growth rate da
dN

decrease. This is an essential crack growth retarding mechanism attributed to crack

retarders and will be discussed further in the Section 4.5.

4.1.3 Plane stress and plain strain

The material far from the specimen’s surfaces possesses three dimensional stress

state [76]. The third stress component evolves because the material can not contract

in thickness direction due to the surrounding material and therefore εz = 0, where

εz is the strain in the thickness direction. On specimen’s surface, where surrounding

material does not longer exist on one side, the material can contract in the thickness

direction and thus εz 6= 0 (Fig. 4.3). Please note that b stands for specimen

thickness.

From von Mises yield criterion can be derived that stresses in the plastic zone are

2.5 times higher1 under plain strain conditions than under plane stress conditions

[60] and thus the K may differ from specimen’s surface to interior. In terms of crack

growth rate in solid specimen, the crack grows slower on specimen’s surface. This

often leads to through-thickness crack with curved crack front.

1materials with Poisson’s ratio ν = 0.3
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Figure 4.3: Variation of the plane-strain constraint σzz/(σxx + σyy) along the crack
front [76].

During the comparative crack growth tests with laminated and solid specimens

[77], the plane stress conditions were observed in the internal metallic layers of

laminated specimen. The crack grew independently in the individual layers which

resulted in the longer fatigue life of laminated specimen. Similarly, this mechanism

restricts the crack growth in the layers of laminated crack retarder.

Strain energy release rate

The Griffith’s energy available for an increment of crack extension −dΠ
dA

[78] was

reformulated by Irwin [79] using the energy release rate (crack driving force) G.

G = −dΠ

dA
=
σ2πa

E
(4.6)

Inserting the Equation (4.2), the G−K relation is given by:

G =
K2

E
Plane stress (4.7)

G =
K2

E
1−ν2

Plane strain (4.8)

The FEA and VCCT method [80] are often used to determine G in the Equations

(4.7) and (4.8). Obviously, this approach has been widely used to predict K in

cracked structure with bonded crack retarders [3], [11], [20], [81] or with laser-

irradiated zones [40].
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4.2 Fatigue crack growth

4.2.1 Stress Cycle

During fatigue loading, the stress level changes with time (Fig. 4.4), between σmax

and σmin stress levels. The mean stress σm lies exactly between those stress levels in

the distance of σa. Stress ratio, important stress cycle characteristic, is then given

by R.

R =
σmin
σmax

(4.9)

t

�

�max

�min

�m

�a

�a

Δ�

Figure 4.4: Stress cycle [82]

Tests performed in the experimental section were done at R = 0.1. Such ratio

closely approaches service conditions of the lower wing panel that is subjected to

steady and alternating tension loadings.

4.2.2 Stress Intensity Factor Cycle

Because the external load σ varies with time, the stress intensity factor (4.2) varies

between Kmax and Kmin levels and so the stress intensity factor cycle (or range) is

thus defined by
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∆K = ∆σβ
√
πa (4.10)

and the stress ratio

R =
σmin
σmax

=
Kmin

Kmax

(4.11)

The knowledge of the stress intensity factor range can be used for crack growth

prediction using the similarity principle. If two specimens with unequal crack lengths

are loaded by unequal load cycles but their ∆K and R are the same, the crack exten-

sion in both specimens should be same. Subsequently, the crack growth in structural

component can be predicted using the crack growth data of the basic specimens (e.g.

M(T), CT) if the β or the ∆K(a) relation for the structural component is known.

4.2.3 Fatigue life

Fatigue life consists of two periods (Fig. 4.5):

1. crack initiation: cyclic slip, microcrack nucleation and their growth

2. crack growth period: macrocrack growth and failure

Large portion of fatigue life is spent during the first period, where fatigue crack is

affected by microstructural properties. First period usually happens near a mate-

rial’s free surface where the maximum stress levels occurs due to the presence of

stress concentrators2

In the second period, crack is affected by material bulk properties and atmo-

spheric composition [82]. Crack retarders are meant to be a structure’s macro-

feature so their positive effect on a fatigue life manifests in the second period.

2e.g. corners, scratches, particles and voids
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Figure 4.5: Fatigue life periods [83].

Macrocrack growth and failure

The previously discussed period of macrocrack growth and failure is subdivided into

three regions:

I. Threshold region,

II. Paris-Erdogan region,

III. Stable tearing region.

Threshold region The da
dN
−∆K curve (Fig. 4.6) declines asymptotically towards

threshold value of stress intensity factor cycle ∆Kth. If ∆K < ∆Kth, the fatigue

macrocrack stops growing. However, microcrack can still grow at this region. Kth

strongly depends on R [84] and therefore it is not the stand-alone material constant.

The near-threshold region is defined by the operational ∆Kth which corresponds to

fatigue crack growth rate of 10−10 m/cycle [85].
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Paris-Erdogan region Paris and Erdogan [86] proposed the first empirical crack

growth law, da
dN
−∆K relation, to describe fatigue crack growth in the second period.

This relation set up a basis for more complex laws incorporating geometry of crack

growth and plasticity based constitutive behaviours.

da

dN
= C(∆K)n (4.12)

where C and m are material constants. The da
dN
−∆K relation defines the fatigue

crack growth resistance of a material [82]. To cover fatigue crack growth in all three

regions, Forman and Mettu [87] introduced the so-called NASGRO equation:

da

dN
= CFM

[(
1− γ
1−R

)
∆K

]n (1− ∆Kth

∆K

)p(
1− Kmax

KC

)q (4.13)

where γ is the Newman’s crack opening function [88], KC is the fracture tough-

ness and CFM , n, p, q are material constants (Fig. 4.6). The equation 4.13 is

implemented in various fatigue crack growth predicting softwares frequently used in

aerospace industry.

Mechanism and fracture surface characteristics Fracture surface is cov-

ered with parallel grooves that are perpendicular to crack growth direction, i.e.,

striations (Fig. 4.7: (1), (2)). From the striation spacing, the microscopic crack

growth rate can be calculated. In this region, microscopic crack growth rate is ap-

proximately equal to macroscopic crack growth rate (e.g. observed on the material’s

surface).

Regarding the origin of striations, the three major theories were proposed: The

plastic blunting [89], [90]; the concept of slip step [91], [90] and the alternating slip

model [92], [93]. Although, the plastic blunting model is considered to describe

the striation forming in ductile materials, a novel study of Pippan et al. sees their

formation as a more complex problem [94].
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Stable tearing region The da
dN
−∆K rises asymptoticaly towards the KC . The

growth is accelerated and thus crack growth life spent in this region is very short.

When Kmax = KC , failure occurs.

ΔKth ΔKc

I. II. III.

log(ΔK)

lo
g
 (

d
a
/d

N
)

n

CFM

p

q

Figure 4.6: Fatigue crack propagation curve with marked macrocrack growth regions
and influences of NASGRO equation parameters on her shape [95].

Mechanism and fracture surface characteristics The local areas of ductile

tearing3 and/or cleavage4 (static processes) are spaced between striations (fatigue

process) [82], [60] (Fig. 4.7). Both static mechanisms are becoming predominant

over fatigue mechanism with increasing Kmax [60]. Because the ductile tearing is

highly localised, the crack growth is stable process [82].

3Ductile tearing areas emerges as the the consequence of microvoid nucleation, growth and
coalescence.

4Only in specific materials at specific temperatures.

42



Figure 4.7: Features of 2024-T351 alloy fracture surface: (1) Ductile striations, (2)
Fragile striations, (5) Dimples of ductile tearing. Adapted from [96].

4.3 Effects on macrocrack growth and life

This chapter deals with the effects on crack growth in aluminium alloys at the

constant amplitude cyclic loading. An emphasis is placed on the 2024-T351 alloy

that is used as substrate in the experimental section.

Microstructure A few opposite conclusions were drawn on the role of microstruc-

ture in the macrocrack growth region. Wanhill elucidated [84] that the grain size

effect cause the multiple linear sections in the near-threshold region in the 2024

alloy in T351 and T3 tempers. A corellation between the plastic zone sizes and the

characteristic microstructural dimensions5 was found. On the contrary, Xu et al.

concluded that the grain size effect rather impacts the crack closure [97]. Moreover,

a substantial contraction of Paris-Erdogan region was observed as the crack grew

from conventional dendritic structure to directional dendritic structure [98] in 2024

alloys. The rolled sheets and plates possess directional microstructure that mani-

fests in anisotropic mechanical properties. In the 2024-T351 plate, the crack growth

rate was found to be somewhat lower in the L-T direction than in the T-L direction

[99].

5mean planar distance between dispersoids, subgrain and dislocation cell sizes, grain dimensions
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Batch-to-batch differences A significant variability in the da/dN was observed

between batches of 2024-T3 alloy. Interestingly, variability between batches from one

manufacturer was nearly identical to the variability between batches from various

manufacturers. The da/dN variability was found to increase with increasing ∆K

[100]. Eventually, the crack growth life was approximately doubled [82].

Heat treatment The comparative study of 2024 alloy showed that changing the

temper from T351 to T3, the fatigue crack growth life can increased by a factor 1.5

at R = 0.1. A more substantial increase by a factor 4.4 was observed at R = 0.5

[101]. The changes in crack growth rate between different tempers are attributed to

changes in yield strength. A high strength materials generally possess poor fatigue

crack growth resistance [82].

Atmosphere The effect of atmospheric composition is attributed corrosion mech-

anism. Corrosion is time, material and environmental dependent problem. The

synergic effect of corosion and cyclic loading is a broad topic and thus only a few

remarkeable studies attributed to the aluminium alloys are mentioned there. The

immersion in distilled water speeds up the macrocrack growth in the 2024-T351

alloy [102]. Generally, the saline solution might increase the crack growth rate even

more. The alternating immersion have greater impact on crack growth rate than

the persistent immersion [103]. Especially in the 2024-T351 alloy loaded in the

corrosive enviroment, the decrease in loading frequency decreases the crack growth

rate (opposite behavior). The alloy’s sensitivity to the load rise time rather than

the loading frequency in 2024-T351 alloy was observed [104]. Obviously, a sub-

stantial decrease in the crack growth rate in the 2024-T351 alloy was observed in

high-vacuum [103]. Such behaviour is common for all metallic materials that are

fatigued in the inert environment. The fracture surface observations revealed that

the vacuum suppresses the striation formation. This finding suggests that the en-

vironment have major impact on macrocrack growth [105]. The oxygen and helium

are the inert atmospheres and does not contribute to the crack growth rate increase

in the 2xxx alloys [106], [107]. However, the presence of water vapours in the in-

ert atmosphere might affect the crack growth rates significantly. With increasing
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water vapor pressure, the crack growth rate increases [108]. Commonly proposed

corrosion fatigue mechanisms related to the crack growth rate increase in the moist

environment are anodic dissolution and hydrogen embrittlement [103], [105].

Stress ratio effect Sometimes called called the ”mean stress effect”. As the stress

ration increases, a cracked part spends more time in tension and thus crack has more

opportunities to advance. This increase shifts the entire fatigue crack propagation

curve (Fig. 4.6) up and to the left [109].

Temperature Testing the crack growth response of 2024-T351 alloy at elevated

temperature revealed that the temperature increase from 22 °C to 204 °C had only

a slight effect on the crack growth rate [110], although interestingly, the tensile and

yield strength both changed. Results at -54 °C showed the decrease in fatigue crack

growth rate at near-threshold region (lower ∆Kth). However, at higher ∆K the

crack growth rates were about the same [111]. The crack growth rate decreased

probably due to the lower water vapour pressure at -54 °C. Intuitively, the presence

of corrosive environment at high temperatures speeds up the corrosion processes and

subsequently the crack growth rate.

Thickness effect The crack growth rate decreases with decreasing thickness of

the 2024-T3 specimen [112], [113]. It was found that the changes in stress state

are responsible for discrepancy in the crack growth rate (elaborated in Subsection

4.1.3).

Loading frequency In 2024-T3 alloy, a substantial increase in the crack growth

rate due to the decreasing loading frequency was observed in both dry and wet air

[114].

Residual stresses The constant ∆K fatigue crack growth test of 2024-T351 M(T)

specimen revealed an increase in the crack growth rate as the crack passed the area

with the tensile residual stresses. A drop in the crack growth rate was observed in
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the CT specimen as the crack approached the area with the compressive residual

stresses. The residual stress fields were introduced by welding process [115], [116].

4.4 Manufacturing technologies

Three distinctive technologies are used to fabricate crack retarders in this thesis: the

adhesive bonding, cold spray and ultrasonic consolidation. This chapter describes

them in detail with a particular focus on underlying bond formation mechanisms.

4.4.1 Cold Spray

Cold spray is an additive technology that was developed by Anatolii Papyrin and his

colleagues in Novosibirsk, Russia [117]. The technology allows to deposit coatings

on various substrates. Deposited coating often exhibits the outstanding adhesion

strength in combination with low thermal affection of both the coating and substrate.

Process description

The solid particles and heated gas are separately fed into the convergent-divergent

nozzle (Fig. 4.8). As the heated gas expands in the nozzle, his temperature decreases

while the velocity increases. The particle then enters the expanding flow and her

velocity also increases. The accelerated particle travels the stand off distance be-

fore impacting the substrate. Upon the impact, the particle and/or substrate are

plastically deformed and the bond between substrate and particle is realized. Cold

spray gun is mounted on robotic arm that allows her: (1) to travel along the pre-

defined path at certain speed and (2) to maintain constant stand off distance from

the substrate.

There are a few process parameters that must be adequately set to obtain dense

coating: gas pressure, gas temperature, gas composition, gas flow rate, powder feed

rate, particle size and morphology, gun travel speed, gun stand off distance, gun

step distance. Some of these parameters are not self-explanatory and thus will be

discussed bellow.
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Figure 4.8: Cold Spray apparatus. Adapted from [118].

Nitrogen, helium or air are mostly used in the cold spray process [119]. Particle

morphology describes the shape of the particles in used powder. Powder having the

spherical, irregular or sponge particle morphologies is often used [120]. Gun travel

speed is the relative speed between Cold Spray gun and substrate. Gun stand off

distance is the distance between substrate and Cold Spray gun nozzle. Gun step

distance is the is the distance of two neighbor spraying passes.

To create bond between particle and substrate, the particle velocity upon impact

vpi must achieve the certain level, critical velocity vcr. If vpi < vcr, the bond is not

created and the particle rebounds from the substrate. In other words, the critical

velocity marks the transition from the substrate erosion to the the coating formation.

For metals, the critical velocity is within 500 − 700 m/s range and decreases with

increasing gas temperatures [117].

The vpi increases with increasing gas pressure and temprature [121]. However,

increasing gas temperature may negatively affect the substrate and particle proper-

ties [117]. The vcr decreases if particle size and density decreases. In contrast, the

increase in particle hardness, specific heat and melting temperature increases the

vcr [121].
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Bond formation

A solid-state bonding at high strains arguably leads to the bond formation between

particle and substrate. This bonding requires the atomic-flat and oxide-free surfaces

brought into the intimate contact. One way to achieve such surface conditions is

the interfacial plastic deformation [122].

Such deformation takes place during the high-velocity impact of two solid objects.

The high-velocity impact promotes a high contact pressures in both solid objects; the

shear strengths of contacting objects are vastly exceeded. Consequently, material

starts to act as a fluid and a jet is formed (Fig. 4.9a). This material behaviour is

called Adiabatic Shear Instability6 (ASI) and takes place at v ≥ vcr. The ASI and

subsequent bond formation occurs locally; the bond is not realized on the entire

interface. It is worth noting that there is an ongoing research on bonding in cold

spray and the ASI may not be the sole bonding mechanism. Historically, the ASI and

jet formation were first observed during the explosive welding (Fig. 4.9b), magnetic

pulse welding and dynamic powder compaction [122], [123].

(b)(a)

jet

jet

Figure 4.9: Deformation localisation due to the Adiabatic Shear Instability during:
(a) cold spraying, (b) explosive welding. Adapted from [122].

In this thesis, the stainless steel and Ti-alloy are deposited onto the Al-alloy

substrate to create the crack retarders. When dissimilar material combinations are

being bonded, the ASI is limited in the harder and denser material. Combining the

”softer” substrate and ”harder” particles, the bonding is also governed by mechanical

interlocking [122] (Fig. 4.10).

6no heat is transferred from the interface
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2024-T351

Ti-6Al-4V

Figure 4.10: Interface between the Ti-6Al-4V crack retarder and the 2024-T351
substrate.

Coating characteristics

Mechanical properties Coatings in as-sprayed conditions often exhibit low strength,

ductility and high porosity [124]. The mechanical properties of deposited Ti-6Al-

4V and 316L alloys used for the fabrication of crack retarders in this thesis are no

exception (Tab. 5.7). Generally, poor mechanical properties can be improved by

Hot Isostatic Pressing. However, this approach is not applicable in case of material

combination where optimum processing temperature of certain material is the melt-

ing temperature of other material. For this reason, the cold-sprayed crack retarders

were tested in as-sprayed conditions.

An adhesive strength up to the 140 MPa of Cu coatings on Al substrate was

achieved using the N2 carrier gas [125]. The adhesion strength about 80 MPa of

316L coatings on Al substrate was attained using the same gas [126].
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Residual stresses Mechanical7 and thermal residual stresses may emerge in both

coating and substrate upon cold spraying. While the first one evolve as a result of

highly localised plastic deformation; the latter one is attributed to the temperature

rise due to the impinging jet [127] and CTE mismatch (coating/substrate). The

plastic deformation is believed to have little to no effect on the substrate temprature

[128].

Suhonen et al. deposited the Ti coating on the Al substrate and in situ mea-

sured the compressive residual stresses of the order of 150 MPa in the Ti coating.

Moreover, the compressive residual stresses of the order of 90 in the Cu coating

deposited on the Al substrate were observed. They concluded that the compres-

sive residual stresses in the coatings are directly proportional to the CTE difference

between coating and substrate [129].

4.4.2 Adhesive bonding

While the first documented usage of adhesive dates at least 200,000 years back [130]

[131], the first epoxy resin was synthesized in 1936 by Dr. Pierre Castan, Swiss

chemist [132]. In aerospace, epoxy resin-based adhesives are now well established in

various structural applications [133].

Process description

Prior bonding, adherend surfaces must be cleaned and modified. Then, an adhesive

is applied on the treated adherend surfaces (paste adhesive) or between surfaces

(film adhesive). Adherend surfaces are brought into intimate contact. The relative

movement between adherends is constrained by fixtures while the pressure is applied

on the outward facing adherend surfaces. The bond is then exposed to the specific

temperature, pressure and humidity for the length of time to cure properly.

7Thermal spray terminology: tensile stresses = quenching stresses, compressive stresses = peen-
ing stresses
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Bond formation

Adhesion theories can be distinguished according to the scale of action: macroscopic,

microscopic, atomic and molecular [134]. The electrostatic theory takes place at the

macroscopic scale, on the contrary, the mechanical interlocking acts at the micro-

scopic scale. Three molecular theories were proposed: the diffusion, wetting and

weak boundary layer. For the atomic scale, the chemical bonding was postulated.

Prerequisites Wetting is the liquid´s ability to form interface with solids. The

contact angle between solid and liquid characterizes the degree of wetting. Adhesive

must cover the substrate to ensure maximum adhesion so the wetting angle must

be as small as possible. According the other definition, the surface tension of the

adhesive should be same or lower than the surface tension of the adherend. This

requirement for maximum adhesion applies to all possible combinations of adherends

and adhesives.

In this thesis, three materials are bonded with epoxy adhesive: the stainless steel,

aluminium alloy and CF/epoxy composite. Generally, metals possess higher surface

energy than epoxy resins [135] [136]. The surface energy of CF/epoxy laminate and

epoxy adhesive is equal. Consequently, the criteria for good wettability is satisfied

for all retarder/substrate material combinations.

The diffusion theory requires (a) a high molecular mobility and (b) molecular

compatibility of adherends. Obviously, the compatibility cannot be satisfied when

bonding metal to metal and metal to composite with the epoxy adhesive. Diffusion

plays role in the process of bonding thermoplastics using only heat or solvent (i. e.

without adhesive) [137].

Main theories Chemical bonding theory supposes the formation of ionic, cova-

lent or hydrogen bonds or van der Waals forces or acid-base complex between an

oganic adhesive (epoxy) and adherend [138], [139]. Steel adherends may be bonded

to epoxy groups by condesation reaction creating the oxides at the interface [140]. A

correlation between the theoretical ion-pair force and the measured shear strength

indicates that the ionic interaction significantly contributes to the strength of alu-
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minium/epoxy joints exposed to water [139]. The van der Waals forces are believed

to cause the adhesion according the adsorption theory [139]. According the acid-

base theory, electron rich-elements (bases) reacts with electron poor elements (acids)

and such attraction results in adhesion [134]. Aluminium oxide contain ”acid sites”

that reacts with ”base sites” in the epoxy adhesives [141]. Comparing the typical

strengths, the chemical bonds and interactions can be arranged from strongest to

weakest: ionic bond, covalent bond, hydrogen bond, acid-base interaction, van der

Waals forces [139].

Electrostatic theory assumes that an electron transfer occur between an adhesive

and adherend. Such transfer cause the formation of two electronic bands (with

electrical charge) at the adhesive/adherend interface. Electrostatic forces that evolve

between those bands probably contribute to adhesion strength [142].

Mechanical interlocking theory argues that the level of filling the adherend’s

microscopic crevasses, pores and dimples vastly contributes to adhesion strength.

The ”level” can be characterized by the surface area per unit weigth of adherend

[134]. Microrough surface can be obtained by surface treatments that modifies the

adherend’s surface morphology.

In this thesis, the FPL etching is utilized as a surface treatment of aluminium

substrate prior bonding. Such process promotes the formation of Al2O3 towers

and ridges on the aluminium surface [143] (Fig. 4.11a). Besides other chemical

reactions that might occur between oxide layer and adhesive, the oxide morphology

is believed to contribute to the adhesion strength through mechanical interlocking

in aluminium and titanium bonded joints [144]. Deeper oxide layer might be formed

through anodizing process8. In terms of joint strength and durability, anodized

adherends perform better than FPL etched adherends [145].

For an optimal adhesion of CF/epoxy crack retarders, the peel ply is used. A

microscopic morphology of peel ply fibers is transfered to the composite surface

(Fig. 4.11c) during curing process and adhesion strength is thus increased [146].

Additionally, plasma treatment or surface abrasion might further increase the shear

strength of bonded CF/epoxy joints [147].

8e.g. Chromic Acid Anodizing, Phosphoric Acid Anodzing
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Figure 4.11: Surface morphology after the various surface treatments: (a) FPL etch-
ing. Adapted from [143], (b) Pickling. Adapted from [148]. (c) Peel ply. Adapted
from [146].

Prior bonding, the stainless steel crack retarders were immersed in the pickling

solution9. This solution attacks the chromium depleted layer under the oxide layer

formed after cold-rolling. The oxide layer is subsequently removed by spalling [149].

The solution then attacks the grain boundaries [150] and create microrough surface

[151] suitable for bonding (Fig. 4.11b). An alternative pickling solution10 or the

plasma treatment might further increase adhesion strength [152], [153]. Utilizing

9HF + HNO3
10CH2O + H2O2 + HCl
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the anodization process in the nitric acid or sulfuric-chromic acid solution after

pickling, the shear strength of stainless steel bonded joint increases [154].

Weak boundary layer theory states that the adhesive joint fails cohesively in the

weak layer along the interface. In other words, the adhesion type of failure does not

occur. The theory identifies the origins of weak layers and classifies them into seven

groups: air, the adhesive, the adherend, air and the adhesive, air and the adherend,

the adhesive and the adherend, the adhesive and the adherend and air [155].

Adhesive bonding process parameters can be divided into four groups:

• Mechanical surface treatment

Duration

Type of the abrasive11 12

Grit size10

Particle diameter11

Laser power13

Scanning speed12 14

Stand off distance12 13

Radio frequency generator power13

Gas composition13

Gas flow rate13

• Chemical surface treatment

Duration

Bath or electrolyte composition

Bath or electrolyte temperature

11Abrading
12Grid blasting
13Laser Surface Treatment
14Corona Discharge Treatment
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The anodizing voltage-current density

Drying atmosphere temperature

• Curing

Duration

Pressure

Temperature

Heating rate

Radiant flux15

• Post curing

Duration

Temperature

Bond characteristics

Mechanical properties Because the adhesive used in this thesis to bond the AISI

301 stainless steel and CF UD laminate to the 2024 substrate is cured well bellow

annealing and glass transition temperatures (Section 5.2), the mechanical properties

of adherends (crack retarder, substrate) remain unaffected. The bond between two

Al alloy adherends typically exhibit the shear strength of 20 − 30 MPa while the

maximum lies between 40− 50 MPa [156].

Residual stresses Structural adhesives cure at elevated temperatures to obtain

superior mechanical properties [157]. Curing temperature vary from 60 °C to 170

°C and thus the residual stresses evolve when adherends with dissimilar CTE are

bonded. However, residual stresses might be lowered using an low-modulus adhesive

[157].

In this thesis, all crack retarders are cured at 80 °C. Because of the CTE mismatch

(substrate/retarder), some residual stresses were certainly induced. In the Chapter

2, the effect of residual stresses on the crack growth in substrate is discussed.

15Light curing
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4.4.3 Ultrasonic Consolidation

Ultrasonic consolidation16 is an additive technology developed by Dawn White and

his colleagues in Ann Arbor, Michigan [158]. This technology combines ultrasonic

welding and CNC machining together to manufacture a three-dimensional object

out of thin metallic sheets. Deposit shows the excellent interfacial shear strength in

combination with low thermal affection.

Process description

To build the first layer, thin metallic sheet is placed on the anvil (Fig. 4.12).

The anvil might be heated to control the process temprature [159] and achieve

better consolidation [160]. Then the textured sonotrode is positioned on the outward

facing surface of metallic sheet. An increase in sonotrode’s surface roughness lead

to bonds with greater peel strengh [161]. Sonotrode oscillates in the direction of

her rotational axis, rotates around that axis and pushes the foil against the anvil.

While sonotrode rotates, the bond is continuously formed along the sonotrode’s

trajectory. When consolidation is finished, the deposit might be subjected to CNC

machining. The whole process takes place at ambient air. Regarding the ultrasonic

source, the electrical energy from power supply is converted to ultrasonic energy by

transducer. Sonotrode, which is mechanically fixed to the transducer, amplifies the

ultrasonic vibrations outputting from the transducer. Two transducer in push-pull

configuration (Fig. 4.12) are used to increase energy input and consolidate relatively

hard materials.

From process description, four main process parameters of ultrasonic consolida-

tion can be distinguished: the amplitude of the ultrasonic vibrations, normal force

of the sonotrode, longitudial speed of the sonotrode’s and temperature of the anvil.

The critical design parameters in the UC is the height to width ratio of the finished

deposit and foil thickness. If the height to width ratio reaches 0.7-1.2, the bond is

not created [162]. The maximum thickness of foils to be ultrasonically consolidated

is ∼0.25 mm, otherwise the foil sticks to the sonotrode [163].

16Also known as Ultrasonic Additive Manufacturing (UAM).
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Figure 4.12: Ultrasonic consolidation apparatus.

Bond formation

First, the peaks of surface micro-asperities come into contact with adjacent surface

of the other foil. The combination of normal force and oscillating motion brake up

the oxide film at those peaks. Consequently, clean metal surfaces are brought into

intimate contact and the micro-bonds are obtained. Bonded micro-asperities starts

moving with ultrasonic vibration. Asperities soften17, undergo the high-strain-rate

deformation and collapse. The oxide film on the remaining unbonded surfaces is

broke up by plastic flow and friction [165]. As a result, metallurgical bond between

two metallic foils is obtained [166]. Although, the plastic deformation and friction

generates heat, a temperature in the bond zone is well bellow melting temperature.

A temperature rise of 100 °C was measured in the bond zone of 6061 alloy foils

[167]. In the bond zone of Al/Ti interface, the temperature can vary from 170 °C

(40 µm amplitude, 2 kN normal force) to 275 °C (60 µm amplitude, 2 kN normal

force) [168].

17Ultrasonic softening [164]

57



Relatively soft materials (e.g. aluminium alloys) are covered with soft oxide film

and thus bonding them together does not pose any difficulties [169]. Conversely, it is

difficult to consolidate materials with hard oxide film (e.g. stainless steels, titanium

alloys). Increasing the process parameters (normal force, amplitude) might help,

however, it leads to various problems: foil bonds to the sonotrode, sonotrode‘s

excessive wear [159], [163]. To solve this issue, interlayer made of aluminum might

be used to create bond between two materials with hard oxide film [169], [170]. In

this thesis, the aluminium foils are used as an interlayers between stainless steel

foils. If the intermatallic compounds are formed in the bond zone of Al/Stainless

steel joint, the Zn interlayer might be used to prevent it [171].

Deposit characteristics

Mechanical properties The 1100-O Al/cp-Ti joint exhibited the shear strength

46.3 MPa in as-build condition. Utilizing the Spark Plasma Sintering as a post-

consolidation treatment, the shear strength more than doubled [59]. Obielodan et

al. measured the shear strength 37.8 MPa on the 3003 Al/cp-Ti joint [172].

Residual stresses Despite the high-strain-rate deformation of asperities, friction

between mating surfaces and heated anvil produce heat during the ultrasonic con-

solidation process; no attention has been payed to the evolution of thermal residual

stresses after the consolidation. Particularly the consolidated structures made of

the materials with dissimilar CTE migh experience the rise of residual stresses and

subsequent warpage.

4.5 Mechanisms related to crack retarders

These mechanisms were previously identified as the most influential, although their

significance strongly depends on e.g. loading conditions. Both stiffening and bridg-

ing can lower stress intensity factor at the crack tip and thus slow-down the fatigue

crack propagation. Remaining mechanisms have negative impact on fatigue crack

propagation.
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Stiffening Before the fatigue crack reaches the crack retarder, the crack retarder

acts as a stringer and transfers load from the substrate. The stiffer the crack retarder

is, the more load is transferred. The load transfer from substrate to crack retarder

may be desribed by the isostrain condition for composite material.

There is an assumption that an interfacial bond between layers is ideal and thus

applied stress causes equal strain in all layers.

εc = εr = εs (4.14)

where εc is the total strain of assembly (substrate + retarder), εr is the strain of

retarder and εs is the strain of substrate. According to the Hooke’s law: σc = Ecεc,

σr = Erεr, σs = Esεs and thus

σc
Ec

=
σr
Er

=
σs
Es

(4.15)

The relation between retarder stress and substrate stress is given by

σr =
Er
Es
σs (4.16)

where Er is the Young’s modulus of retarder and Er is the Young’s modulus of

substrate. If Er > Es, then

Er
Es

> 1 (4.17)

and thus

σr >
Er
Es
σs (4.18)

Schijve [5] defined the stiffening ratio

µ =

∑n
i=1 E

i
rA

i
r

EsAs +
∑n

i=1E
i
rA

i
r

(4.19)
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where Ar is the cross section of retarder, As is the cross section of substrate and n

is the number of stiffening elements. He concluded that increasing the stiffness ratio

increases the performance of crack retarder.

Bridging When the fatigue crack passes the bonded crack retarder, the crack

retarder starts delaminating from the substrate. The delaminating crack retarder

promotes restraining forces that limits the crack opening (Fig. 4.14) and reduces

the ∆K (Fig. 4.13). Bridging mechanism is well observed in the FMLs [173], [174].

Modelling studies have shown that the stiffer the strap, the greater the bridging

effect [3]. Precisely, the crack retarder’s stiffness between delamination edges have

the major impact on bridging. However, bridging effect is vastly limited by the yield

limit of the crack retarder material [11].

t

K

Kmax

Kmin

ΔK

Kmax,br

Figure 4.13: The reduction of Kmax through bridging. Adapted from [173].

Delamination Crack retarder starts delaminating in front of the progressing crack

tip [5], where the maximum tensile stresses are, and/or at the free ends, where the

maximum shear stresses are (Fig. 4.14). The higher the crack retarder’s stiffness

is, the higher the adhesive shear stresses at the free ends are and the adhesive will

fail earlier [3]. The straps can still carry the load but are less effective (Fig. 4.15)

because of the lack of shear transfer capability [7]. The beneficial bridging effect is

thus mitigated. It is well known that surface pretreatment and bondline thickness

have the major impact on the adhesive shear strength [156], [175].
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F(t)F(t)

crack face

crack retarder substrate

growing delaminationgrowing crack

growing delamination

Figure 4.14: Bridging: notice the reduction in crack opening bellow the crack re-
tarder and the transverse deformation of crack retarder. Delamination: typical
shape and location. The violet arrows indicate the delamination’s growth direction.

a

�

strap

No delamination
Delamination

No strap

Figure 4.15: The reduction of the β through delamination. Adapted from [3].

According the modelling studies [11], [23], the Mode I and Mode II fracture

toughness of the substrate/crack retarder interface are one of the most influential

parameters of delamination resistance. The increase in GIIc decreased the da/dN at

low applied load (σmax ∼ 30MPa) and this decrease was more prominent if stiffer

crack retarders were used [11]. Adhesive toughness tends to increase with bondline

thickness [176].

In the specimens with laminated BCRs, the delamination can occur between

crack retarder and substrate and/or within crack retarder. In the latter case, inter-

ply delamination occurs [177]. This inter-ply delamination usually takes place in an

unsymmetrical structures18.

18Crack retarder attached only to one side of the substrate.
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Secondary bending Due to the unsymmetrical configuration, the specimen’s

neutral line is shifted. As the unsymmetrical specimen is tension loaded, the bending

moments emerge and cause out-of-plane deformation of the specimen (Fig. 4.16).

The tensile stress at the crack tip is thus lowered or increased (unreinforced side)

due to the presence of such moments [178]. Unequal stresses through thickness

cause curved crack front and the different crack growth rates on the reinforced a

unreinforced side of the specimen.

eccentricity

neutral linecrack retarder

substrate

F F

Figure 4.16: The effect of shifted neutral line and tensile loading on the specimen’s
deformation. Adapted from [178].

Thermal residual stresses Crack retarders are often exposed both to the tem-

perature rise during adhesive curing process and to the temperature decrease during

flight conditions. If coefficients of thermal expansion of substrate and crack retarder

deviate, the change in ambient temperature promotes thermal residual stresses and

out-of-plane deformation (Fig. 4.17). The level of residual stresses then depends on

both crack retarder’s and substrate’s stiffness.

ΔT

Figure 4.17: The effect of thermal expansion coefficient mismatch and thermal load-
ing on the specimen’s deformation. This deformation occurs when the CTE of crack
retarder is higher than the CTE of substrate.
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From 1D closed-form solution of thermal residual stresses [11], the effect of crack

retarder’s parameters on thermal residual stresses might be deduced. First, the

equilibrium equation can be formulated:

σrtrwr + σstsws = 0 (4.20)

where σr, σs are the stresses in the retarder (r) and substrate (s); tr, ts are the

thicknesses of retarder and substrate; wr, ws are the widths of retarder and substrate.

The width of retarder is equal to width of substrate (Fig. 4.18) and therefore:

σrtr + σsts = 0 (4.21)

Rewriting the equation 4.21, the stress in the retarder can be expressed:

σr = −σs
tr
tr

(4.22)

Adding the thermal strain contribution into the equation 4.15, the compatibility

equation can be reformulated:

αr∆T +
σr
Er

= αs∆T +
σs
Es

(4.23)

where αr, αs are the coefficients of thermal expansion of retarder (r) and substrate

(s); ∆T is the change in the ambient temperature (curing, service).

Rewriting the equation 4.23, the stress in the substrate can be expressed:

∆TEs(αr − αs) +
σrEs
Er

= σs (4.24)

Substituing equation 4.22 into equation 4.24 the residual stress in the substrate can

be obtained:

∆TEs(αr − αs) = σs +
σsEsts
Ertr

(4.25)

∆TEs(αr − αs) = σs
Ertr + Ests

Ertr
(4.26)
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σs =
ErtrEs∆T (αr − αs)

Ertr + Ests
(4.27)

crack retarder

substrate

tr

ts

�r

�s

ΔT

ΔT

Figure 4.18: Cross section of two bonded plates subjected to a temperature load.
Adapted from [11].

The effect of thermal residual stresses on the fatigue crack growth in a structures

with crack retarders has been already discussed in the Chapter 2. Generally, the

zones of compressive residual stresses lowers crack opening and reduces the ∆K

(Fig. 4.19) [173].

t

K

Kmax

Kmin

ΔK

Kmax,TRS

Kmin,TRS

ΔK

Figure 4.19: The reduction of the Kmax, Kmin through negative tensile residual
stresses. Adapted from [173].

Other mechanisms Fatigue sensitive crack retarder can fail earlier and cause

premature failure of structure [77] so the crack retarder material with higher fatigue

properties should be preferred.
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The connected dissimilar materials corrode in the presence of an electrolyte.

The mating surfaces of bonded crack retarders and substrate are separated by an

adhesive. However, the corrosion might still occur if electrolyte connects other

surfaces of dissimilar metals.

The tendency to galvanic corrosion can be estimated comparing the electroneg-

ativity of combined metals. In this thesis, crack retarders made of various materials

are attached to 2024 alloy substrate. Used crack retarder materials are arranged in

descending order according the susceptibility to galvanic corrosion with 2024 alloy:

CF/epoxy, Ti, 316L, 301 [179]. Substrate and crack retarder must be adequately

sealed to be prevented against galvanic corrosion.
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Chapter 5

Experimental Work

This chapter describes the experimental studies (Tab. 5.1) that have been done to

meet the thesis objectives1. Each following section is named after the technology

used in crack retarder fabrication. In the end, crack retarders are evaluated in terms

of crack growth rate, fatigue life extension, weight and delamination resistance.

5.1 Substrate

The M(T) specimens were high-speed milled from the sheet made of 2024-T351

aluminium alloy, which is widely used in various aerospace applications. The fatigue

crack growth tests were carried out on the M(T) specimen with several geometries

(Fig. 5.1). The bare specimens were used as a substrate for bonded crack retarders

made of AISI 301, CF UD and cold sprayed crack retarders made of AISI 316L and

Ti-6Al-4V. The M(T) specimen width and length were chosen according to ASTM

E647 [85] while the thickness of 2 mm represented common integral wing skin panel.

The mechanical properties and chemical composition of substrate are shown in Tab.

5.2, 5.3. In case of the specimens with ultrasonically consolidated crack retarders,

the substrate was manufactured in the reverse order (as elaborated in Chapter 5.4).

1Specimens with thinner crack retarder are marked with ”1” (e.g. 1-AISI301), thicker crack
retarder are marked with ”2” (e.g. 2-AISI301)
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Table 5.1: Test matrix.

Crack retarder constituents Crack retarder Substrate Loading parameters
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15
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T

1-AISI301-BCR 1 AISI 301 0.26 1 Araldite® 2011 200 10 0.44 80 60
2-AISI301A-BCR 2 AISI 301 0.26 2 Araldite® 2011 200 10 0.60 80 60
2-AISI301B-BCR 2 AISI 301 0.26 2 Araldite® 2011 200 10 0.55 80 60
1-CFUD-BCR 2 M10R/38%/UD150/CHS 0.16 1 Araldite® 2011 200 10.2 0.53 80 60
2-CFUD-BCR 5 M10R/38%/UD150/CHS 0.16 1 Araldite® 2011 200 10.2 1.08 80 60
1-AISI316L-CSCR 3 AISI 316L 0.20 0 - 200 11.1 0.48 ? 60
2-AISI316L-CSCR 6 AISI 316L 0.20 0 - 200 11.2 0.96 ? 60
1-Ti64-CSCR 3 Ti-6Al-4V 0.20 0 - 200 11.2 0.51 ? 60
2-Ti64-CSCR 6 Ti-6Al-4V 0.20 0 - 200 11.3 1.02 ? 60
Bare 0 - 0 0 - 0 0 0 RT 60
1-AISI301-UCCR 1 AISI 301 0.26 1 1100-O 200 10.2 0.29 52 60
Bare 0 - 0 0 - 0 0 0 RT 100
2-AISI301-UCCR 2 AISI 301 0.26 2 1100-O 200 10.2 0.71 52 100
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Figure 5.1: Specimen shape. Dimensions in mm, not in scale.

Table 5.2: 2024 chemical composition [180].

Alloy Al Cr Cu Fe Mg Mn Si Ti Zn

2024 Bal. <0.1
3.8

<0.5
1.2 0.3

<0.5 <0.15 <0.25
4.9 1.8 0.9

5.2 Bonded crack retarders

Substrate surface pretreatment: The FPL etching, commonly used surface prepa-

ration prior adhesive bonding in the aircraft industry, was performed on all M(T)

specimens with bonded crack retarders. First, the surface was degreased with ace-

tone and then FPL etched in the bath composed of 6.4% Na2Cr2O7 · 2 H2O, 23.4%

H2SO4 and 70.2% H2O (weight fraction). The etching duration was four hours at

the ambient temperature. Finally, the surface was rinsed with water and blow-dried

with the 45 °C air.
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Table 5.3: Mechanical and thermal properties of substrate, bonded crack
retarder and adhesive.

Material 2024-T351a AISI 301 M10R/38% Araldite® 2011
/UD150/CHS

E [GPa] 72.4 185b 136d/143e 1.9h

ρ [g/cm3] 2.77 7.88c 1.57f 1.05h

α [10−6/K] 23 17c 1g -
Rm [MPa] 470 1635b 2168d/2676e -
Rp0.2 [MPa] 325 1508b - -
A [%] 20 2.1b - -

a [180]
b [181]
c [182]
d Two layers. Tested according to ASTM D3039.
e Five layers. Tested according to ASTM D3039.
f [183]
g Typical generic values.
h [184]

5.2.1 Austenitic stainless steel

The capability of retarding the crack growth was examined for the specimen bonded

with one steel layer and two steel layers. The AISI 301 austenitic stainless steel in

the work-hardened state was chosen for its high strength, elastic modulus and CTE

(see Tab. 5.3, 5.4 for mechanical properties and chemical composition).

Strap surface pretreatment: The straps used for adhesive bonding of crack re-

tarders were cut out of the sheet made of 0.255 mm thick AISI 301 steel and de-

greased with acetone. After that, the straps were immersed in the solution con-

taining 12.5% HF, 40.8% H2O, and 46.7% HNO3 for 20 minutes at the ambient

temperature. In the end, rinsing with water and blow-drying with the 45 °C air

took place.

Adhesive bonding: The crack retarders were bonded onto the specimen surface

by the two-component Araldite® 2011 structural adhesive. The specimen with one

steel layer (1-AISI301-BCR) was cured for 24 hours at the ambient temperature

and for 30 minutes at the 80 °C. In case of the specimen with two steel layers (2-

AISI301-BCR), first, two pretreated straps were bonded together and cured. An
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excessive adhesive layer on the outer surfaces was removed. Then, the resulting

BCRs were degreased with acetone and immersed in the solution containing H2O,

HF and HNO3 for 20 minutes at the ambient temperature. Finally, bonding onto

the substrate and curing were done. The same curing process was used as in the

case of the 1-AISI301-BCR. Note that two specimens with two steel layers were

manufactured; specimen 2-AISI301A-BCR and 2-AISI301B-BCR (Tab. 5.1).

Table 5.4: AISI 301 chemical composition [182].

Alloy Fe C Mn Si P S Cr Ni

301 Bal. <0.15 <2 <1 <0.045 <0.03
16 6
18 8

5.2.2 Unidirectional carbon fibre

To compare the performance of steel crack retarders with previously validated crack

retarder material, the BCRs made of two and five layers of

M10R/38%/UD150/CHS prepreg were prepared. The prepreg consists of the high-

strength unidirectional 12K carbon fibre fabric and M10R epoxy resin matrix (see

mechanical properties in Tab. 5.3).

Strap manufacturing process: First, the prepreg roll was de-frozen at the ambient

temperature to avoid the condensation of air humidity. Then, the individual prepreg

plies were cut out of the prepreg roll. After removing the release film from the

prepreg plies, the hand lay-up set off. As the desired number of prepreg plies was

positioned in a single direction, the entire assembly was covered with the peel ply,

bleeder cloth and vacuum bagging film. Such assembly was autoclaved at 0.5 MPa

and 120 °C for 1 hour. Finally, the cured sheets were cut with a hand saw to obtain

10 mm wide crack retarders.

Crack retarder surface pretreatment: Using the peel ply, the crack retarder sur-

faces were modified to optimize the bond quality. Prior to bonding, they were

degreased with acetone.
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Adhesive bonding: The crack retarders were bonded onto the specimen surface

by the Araldite® 2011 adhesive. Both specimens were then cured for 24 hours at

the ambient temperature and post-cured for 30 minutes at the 80 °C.

5.3 Cold sprayed crack retarders

To compare the bonded crack retarders with the additively manufactured ones, four

specimens with cold sprayed crack retarders made of Ti-6Al-4V titanium alpha-

beta alloy and AISI 316L austenitic stainless steel were manufactured (see Tab. 5.5

and 5.6 for powder properties). Crack retarders were deposited using the Impact

Spray System 5/11 and following process parameters: stand-off distance 30 mm, step

distance 1 mm, gun travel speed 0.5 m·s-1, gas (N2) pressure 50 bar and temperature

1100 °C. These process parameters were chosen according the previous research done

by Impact Innovations. To prevent overspray and obtain consistent width and length

of crack retarders, the metallic protective mask was utilized prior spraying.

Cold sprayed deposits in as-sprayed condition often possess lower mechanical

properties (Fig. 5.7) than wrought counterparts. To increase the load transfer

capability, it was decided to increase the height of cold sprayed crack retarders to

0.5 mm and 1.0 mm for both material combinations. After the deposition, the crack

retarders were slightly higher and thus their upper surface was milled.

Table 5.5: SANDVIK 316L (15-38 µm) powder chemical composition [185].

Alloy Fe C Cr Ni Mo Si Mn S P

316L Bal. 0.03
16.0 10.0 2.0

1.0 2.0 0.03 0.045
18.0 14.0 3.0

Table 5.6: AP&C Ti-6Al-4V (15-45 µm) powder chemical composition [186].

Alloy Ti Al V Fe O C N H Y

Ti-6Al-4V Bal.
5.50 3.50 0.05 0.14

0.02 0.02 0.010 <0.005
6.75 4.50 0.25 0.16
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Table 5.7: Mechanical and thermal prop-
erties of cold sprayed crack retarder.

Material Ti-6Al-4V AISI 316L

E [GPa] 69.7a 182a

ρ [g/cm3] 4.43b 8.00c

α [10−6/K] 8.6b 15.9c

Rm [MPa] 295 a 795a

Rp0.2 [MPa] - 765a

A [%] - 0.05a

a Tested according to ASTM E8.
b [180]
c [182]

5.4 Consolidated crack retarders

Two 2024-T351 M(T) specimens with ultrasonically consolidated crack retarders

were manufactured. Crack retarders were made of AISI 301 steel; the same compo-

sition, thickness and batch as in case of BCRs (Tab. 5.4). Additionally, the 0.05

mm thick interlayer made of 1100 alloy was used between steel layers (Tab. 5.8, Fig.

5.9). The substrate surface had to be machined prior consolidation to be perfectly

leveled and clean, for this reason, it was not possible to use the same 2024-T351

bare M(T) specimens as in previous experiments. The crack retarders were first

consolidated to the 6 mm thick 2024-T351 sheet and then the M(T) specimen was

extracted from the sheet. One 2024-T351 bare M(T) specimen was extracted for

the comparison purposes and to avoid batch-to-batch inconsistency (Section 4.3).

Table 5.8: 1100 alloy chemical composition [187].

Alloy Al Si+Fe Cu Mn Zn

1100 Bal. 0.95
0.05

0.05 0.10
0.20

5.4.1 Austenitic stainless steel

At time of performing experimental studies, consolidating the AISI 301 steel foils

of thicknesses 0.255 mm was on the edge of what was possible. Thus the optimal
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Table 5.9: Mechanical
and thermal properties
of 1100-O interlayer used
in consolidated crack re-
tarder.

Material 1100-O

E [GPa] 69.0a

ρ [g/cm3] 2.71a

α [10−6/K] 23.6a

Rm [MPa] 90a

Rp0.2 [MPa] 35a

A [%] 40a

a [188]

process parameters had to be determined. For this reason, several trials with varying:

sonotrode’s frequency, longitudinal speed, amplitude, driver2, interlayer thickness

were performed by Fabrisonic. The relative strength of the bond between materials

was determined using comparative manual peeling test.

The 30 kHz trials were conducted on the Fabrisonic SL 1200, Ultrasonic Additive

Manufacturing machine with 2 kW ultrasonic welding system. Across seven trials,

the sonotrode’s amplitude and interlayer thickness was increasing while the longitu-

dial speed was decreasing. The pressure in the machine’s piston assembly was kept

contant at 0.827 MPa; this roughly corresponds to the 3000 N of down force. No

bonding to steel was achieved in the Trial 1 (Fig. 5.2a). Based on the results, a

good bonding to steel was achieved in the Trial 6, it was moderately hard to peel

up steel from anvil (Fig. 5.2b). Some bonding to steel was achieved in the Trial 7,

it was difficult to peel up steel from anvil (Fig. 5.2c). Because the results of Trial 6

and 7 were found contradictory, other trials were done.

2Driver is placed between sonotrode and foil to be consolidated. Driver holds foil in place,
transfers horn’s oscillations and prevents foil from bonding to the horn.
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(a) Trial 1: 32 µm amplitude, 25.4 mm/s longitudinal speed, titanium driver,
25 µm thick 1100-O interlayer, unheated anvil, 3000 N down force.

(b) Trial 6: 35.7 µm amplitude, 21.2 mm/s longitudinal speed, no driver, 51
µm thick 1100-O interlayer, unheated anvil, 3000 N down force.

(c) Trial 7: 35.7 µm amplitude, 6.4 mm/s longitudinal speed, titanium driver,
51 µm thick 1100-O interlayer, unheated anvil, 3000 N down force.

Figure 5.2: 20 kHz trials.
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Two 20 kHz trials were conducted on the Fabrisonic SL 7200, Ultrasonic Additive

Manufacturing machine with 9 kW ultrasonic welding system. During these trials,

the down force and longitudinal speed were kept constant while the sonotrode’s

amplitude was increasing. According the results, it was very difficult to peel up

steel from anvil in both trials. In the Trial 8, a good bonding to steel was achieved

(Fig. 5.3a). However, a few delaminations appeared in the Trial 9 (Fig. 5.3b).

(a) Trial 8: 40 µm amplitude, 21.2 mm/s longitudinal speed, ti-
tanium driver, 51 µm thick 1100-O interlayer, anvil heated at 52
°C, 7500 N down force.

(b) Trial 9: 41.43 µm amplitude, 21.2 mm/s longitudinal speed,
titanium driver, 51 µm thick 1100-O interlayer, anvil heated at 52
°C, 7500 N down force. Red circle marks delamination.

Figure 5.3: 30 kHz trials.

5.5 Fatigue crack growth test

Prior testing, the 5 mm long notch was machined to the specimen with bonded (CF

UD, AISI 301), cold sprayed crack retarders (Ti-6Al-4V, AISI 316L) and without

crack retarder (Bare). The 10.6 mm long notch was machined to all specimens with

ultrasonically consolidated crack retarders because the precracking was unsuccessful

after the 1.0× 106 - 1.4× 106 cycles. All specimens with bonded crack retarders,

cold sprayed crack retarders, without crack retarder and the specimen with ultra-

sonically consolidated crack retarders (1-AIS301-UCCR specimen) were subjected

to the crack propagation test with the following parameters: σmax = 60 MPa, R =
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0.1 and f = 15 Hz. Even with the larger machined notch (i.e. 10.6 mm in length),

the precracing in the 2-AIS301-UCCR specimen was unsuccessful at the σmax = 60

MPa and σmax = 80 MPa. The crack did not start growing after the 1.0× 106 -

1.4× 106 cycles. For this reason, the test was conducted at σmax = 100 MPa. At

this stress level, the fatigue crack started to grow. In all cases, the crack length was

periodically measured by the travelling microscope on the specimen’s unreinforced

side. The cyclic load was applied until the final failure of specimen.

5.6 Delamination monitoring

Delamination monitoring was done by measuring the specimen’s thermal response

using the Flir SC660 after the optical excitation through 2x 400 W halogen lamps

(Fig. 5.4). Thermal response3 was collected during heating and decay while the

excitation took 5, 7 and 10 seconds. It appeared from the first processed thermal

sequences that the highest contrast was acquired after 10 second excitation, so anal-

ysis was performed only for this excitation time. To minimize the negative effect

of reflective heat, specimens were painted with white spray-paint ThermaSpray 500

with defined emissivity.

PC

Timer

F
li
r 

S
C
6
6
0

Halo
gen

 la
m

p

Specimen

Monitor

Qh

Figure 5.4: Pulsed thermography apparatus.

3Sequence of thermal images.
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5.7 Digital image processing

Thermal sequence was first normalized to reduce the effect of non-uniform heating

and optical properties variability across the measured surface. Then, normalized

thermal sequence was fitted with 2nd–4th order polynomials (i.e. Thermographic

Signal Reconstruction) to reduce high spatial frequency noise [189]. Solving the 1st

derivative of each polynomial, the flaw to background contrast was increased [189].

The decay sequence was first extracted (Fig. 5.5a) from the thermal response

and then normalized by dividing the decay thermal images by the image at the

beginning of the decay

W =
T

Tx,y,t0
(5.1)

where T = (Tx,y,t) represents the history of x, y dimensionless temperature field over

the decay time t, Tx,y,t0 is the first x, y dimensionless temperature field at the begin-

ning of the decay and W = (wx,y,t) is the normalized history of x, y dimensionless

temperature field over the decay time t (Fig. 5.5b). The dimensionless temperature

history of each pixel in the field was fitted by 2nd-4th degree logarithmic polynomial

(Fig. 5.5c):

log10 (wx,y,t) = a0 + a1[log10 (t)] + a2[log10 (t)]2 + ...+ a4[log10 (t)]4 (5.2)

where wx,y,t is the pixel’s dimensionless temperature history over the time t and

a0 − a4 are the polynomial coefficients. Then the 1st derivative of each polynomial

was solved:

B =
d

d log10 (t)
log10 (wx,y,t) (5.3)

From the first derivatives, the dimensionless temperature history of each pixel is

reconstructed. To find the dimensionless temperature field with greatest contrast

between sound and defective region, four pixels representing the defective region and

four pixels representing sound region were picked directly from the field. Then, the

x, y temperature field with maximal difference between defective and sound region

bx,y,tmc was found. If:

max{wsound − wdef} → t = tmc (5.4)
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where wsound is the average dimensionless temperature in the sound region and

wdef is the average dimensionless temperature in the defective region. The bx,y,tmc

matrix was plotted (Fig. 5.5d), crack retarder region was selected and binary matrix

representing this region was created:

C = (cx,y), cxy ∈ {0, 1} (5.5)

where ”0” represents region outside the selection and ”1” represent region inside

the selection. Number of pixels representing each crack retarder pCR was calculated

summing the non-zero matrix entries:

pCR =
n∑
x=1

n∑
y=1

cx,y (5.6)

Then the dimensionless normalized temperature field was entry-wise multiplied by

unit matrix to extract x, y temperature field of each bonded crack retarder:

R = Q ◦C (5.7)

Dimensionless normalized temperature field of crack retarder R was plotted and the

lowest dimensionless temperature in the sound region (local minimum) rsound,loc,min

was selected. Comparing the matrix entries with the local minimum, a new matrix

with dimensionless temperature entries in defective region was created:

D = (dxy), dxy < (r)sound,loc,min (5.8)

where dxy are dimensionless temperatures in the defective region. Then the binary

matrix M representing defective area in each crack retarder was created:

M = (mxy), mxy ∈ {0, 1} (5.9)

where ”1” entries represents defective region and ”0” represents sound region. Pixels

representing the defect pdef were counted by summing the binary matrix entries:
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pdef =
n∑
x=1

n∑
y=1

mxy (5.10)

The percentage of delaminated area Adel was finally given by:

Adel =
pdef
pCR

100 (5.11)

(a) Raw.

(b) Normalized.

(c) TSR: 4th order polynomials.

(d) TSR: first derivatives of polynomials.

Figure 5.5: Thermographic image processing steps: chronological order.

5.8 Results and discussion

During the crack propagation test, no crack initiation was observed in the BCRs.

They broke4 or disbond5 shortly after the substrate failure. In cases of all cold

sprayed crack retarders, the crack propagated directly from the substrate to the

crack retarders (Fig. 5.6). In case of the ultrasonically consolidated crack retarders,

41-AISI301A-BCR, 1-CFUD-CR
52-AISI301A-BCR, 2-AISI301B-BCR, 2-CFUD-BCR
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(a) 1-316L-CSCR specimen. (b) 1-AIS301-UCCR specimen.

Figure 5.6: Direct propagation of fatigue crack to crack retarder.

the failure was contradictory. The fatigue crack in the specimen with one steel layer

(1-AISI301-UCCR) directly propagated to the crack retarder (Fig. 5.6a). However,

the crack in the specimen with two steel layers (2-AISI301-UCCR) remained in

the substrate and the crack retarders broke immediately after the substrate failure.

Measured crack lengths were averaged for each specimen side and plotted against

the number of cycles, thus the crack propagation curves were obtained (Fig. 5.7,

5.8).

With regard to specimens possessing crack growth life longer than specimen

without crack retarder (Bare), no significant delay can be observed in the crack

retarder area, (16–26) mm. The positive crack retarding effect manifests along the

entire crack path. Similarly, any significant change in the crack growth rate can be

observed in specimens possessing shorter fatigue life.

The fatigue life extension can be expressed by the life extension parameter:

LEF =
Ni −Nbare

Nbare

(5.12)

where Ni is the number of cycles of specimen with crack retarders and Nbare is the

number of cycles of specimen without crack retarders. All bonded crack retarders

resulted in a significant fatigue life extension. The greatest increase, (1.9-2.0), was

observed in case of specimen with two steel layers (Fig. 5.9). One can observe

a relatively small difference between the fatigue crack growth curves of specimen

with two and five CF UD layers. This was probably caused by the evolution of

thermal residual stresses during the curing process, which raised the mean stress

high enough, to speed-up the crack propagation in the specimen with thicker CF
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Figure 5.7: Crack growth curves: bonded and cold sprayed crack retarders; σmax =
60 MPa, R = 0.1, f = 15 Hz.
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Figure 5.8: Crack growth curve: ultrasonically consolidated crack retarders; R = 0.1,
f = 15 Hz.
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UD crack retarders. Regarding this observation, using more than two CF UD layers

appears to be redundant. All cold sprayed crack retarders dramatically decreased

the fatigue life. The greatest decrease, 50%, was observed in the fatigue life of

specimen with the Ti-6Al-4V crack retarders. The specimen with the thicker 316L

crack retarder failed within the crack initiation period due to the presence of rapidly

growing crack at one of the ends of the crack retarder.
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Figure 5.9: Life extension parameter: bonded and cold sprayed crack retarders.

Regarding the poor fatigue properties (i.e. decreased fatigue life and increased

crack growth rate) of specimens with CSCRs, there are several explanations. The

substrate temperature increased due to its plastic deformation during cold spraying

and due to the heat transfer from the impinging jet. A combination of cooldown

from such temperature and the crack retarder’s CTE dissmilar from the substrate

probably led to the evolution of tensile residual stresses in the substrate. The similar

out-of-plane deformation (Fig. 4.17) was observed in all specimens with CSCRs. The

temperature increase in the substrate certainly altered its mechanical properties.
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A noticeable drop in the substrate hardness was measured in all specimens with

CSCRs. Additionally, the crack retarder failed prematurely due to the poor fatigue

properties of as-sprayed crack retarders. The poor fatigue properties of cold sprayed

deposits were also observed by Č́ıžek et al. [190]. In their study, the pure metalic

specimens (Ti, Ni, Al, Cu) possessed greater fatigue crack growth rates than cold-

rolled counterparts.

Specimen with one ultrasonically consolidated steel layer (1-AISI301-UCCR)

failed earlier, thus his fatigue life was 30% lower compared to the specimen with-

out crack retarder (Bare) (Fig. 5.10a). However, specimen with two steel layers

(2-AISI301-UCCR) experienced the greatest increase by a factor of 7.3 (Fig. 5.10b).

Note that in this specimen, the precrack length was five times greater and the σmax

was 1.66 times greater compared to the specimens with bonded and cold sprayed

crack retarders.
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Figure 5.10: Life extension parameter.

To obtain crack growth rates, the fatigue crack growth data were interpolated

using the Modified Akima piecewise cubic Hermite interpolation spline (makima

Matlab function). Since the beginning of the test, the specimens with CF UD and

steel bonded crack retarders maintained the crack growth rate below the growth rate

of bare specimen (Fig. 5.11). Unfortunately, the specimens with cold sprayed crack

retarders possessed a higher rate in the whole crack length range, which resulted

in already mentioned shorter fatigue life. Although the crack retardation in the

2-Ti64-CSCR specimen can be identified in the (11–28) mm crack length range, the
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specimen failed earlier than the bare one because the crack grew significantly faster

in other regions.

The fatigue crack growth rate in specimen with one steel layer (1-AISI301-

UCCR) was higher in the whole crack length range (Fig. 5.12a), which resulted

in already mentioned shorter fatigue life. On contrary, the specimen with two steel

layers possessed fatigue crack growth rate significantly lower compared to the spec-

imen without crack retarders (Fig. 5.12b).
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Figure 5.11: Fatigue crack growth rate: bonded and cold sprayed crack retarders.

The percentage of life improvement with respect to the bare specimen per gram

weight of crack retarder can be expressed by a subsequent parameter [3]:

e =

Ni−Nbare

Nbare
100

mstrap

(5.13)

where mstrap is the crack retarder weight. It is obvious that the BCR made of two

CF UD layers can significantly extend fatigue life while maintaining relatively low
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Figure 5.12: Fatigue crack growth rate: ultrasonically consolidated crack retarders
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weight of a specimen (Fig. 5.13). One can also observe that the thinner BCR were

much more effective than the thicker ones, however, this fact was already proved by

Boscolo [3] and Molinari [21]. Specimens with steel BCRs did not perform in the

same way. In comparison with carbon fibre crack retarders, their total thickness was

lower. They probably did not experience the secondary bending to the extent that

would have led to the lower performance. The greatest life increase with respect

to the crack retarder unit weight, 82.2% g−1, was observed in the ultrasonically

consolidated crack retarder with two steel layers (2-AISI301-UCCR)6.
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Figure 5.13: e factor: bonded and cold sprayed crack retarders.

All bonded crack retarders started delaminating in the end of specimen’s fatigue

life. The delamination in specimens with carbon fibre BCRs started later compared

to the delamination in specimens with steel BCRs (Fig. 5.14). The steel crack

retarders delaminated with continually increasing delamination rate. The earlier

6In this specimen, the precrack length was five times greater and the σmax was 1.66 times
greater compared to the specimens with bonded and cold sprayed crack retarders.
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Figure 5.14: Delamination growth: bonded crack retarders.

onset of delamination in specimens with steel crack retarders can be attributed to

the weaker joint strength. The fracture surface between CF UD crack retarder and

substrate showed adhesive-cohesive failure. Conversely, fracture surface between

steel crack retarder and substrate was purely adhesive failure. This suggests that

if the joint strength (AISI 301/substrate) is increased, the fatigue retardation effect

may be increased. The crack grew directly to the crack retarder without premature

delamination in all specimens with cold-sprayed crack retarders. Samely, ultrason-

ically consolidated crack retarder with one steel layer (1-AISI301-UCCR) did not

delaminate, the crack grew directly into him. However, the delamination in ultrason-

ically consolidated crack retarder with two steel layers (2-AISI301-UCCR) followed

the same trend as the bonded crack retarders (Fig. 5.15); two steel layers start to

delaminate in the end of specimen’s fatigue life. Moreover, the delamination shape

in consolidated crack retarder (Fig. A.5) is similar to the shape in bonded crack

retarders (Fig. A.4).
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Chapter 6

Conclusion

From the results discussed in the previous chapter, the following conclusions can be

drawn:

• Fatigue life of aluminum structure can be significantly improved using the

bonded crack retarders made of AISI 301, CF UD/epoxy and ultrasonically

consolidated crack retarders made of AISI 301/Al. The greatest increase by

a factor 7.2 was recorded in specimen with ultrasonically consolidated AISI

301/Al crack retarder.

• Utilizing bonded CF UD/epoxy, AISI 301 crack retarders and ultrasonically

consolidated AISI 301/Al crack retarder; the fatigue crack growth rate in the

aluminum structure can be significantly decreased.

• The greatest percentage of life improvement with respect to the bare specimen

per gram weight of crack retarder, 82.2% g−1, was detected in the specimen

with ultrasonically consolidated AISI 301/Al crack retarder.

• The delamination in AISI 301/Al laminate can be recorded using pulsed ther-

mography. Thermographic signal reconstruction method proved to be a rele-

vant approach to increase the contrast of delamination in ultrasonically con-

solidated AISI 301/Al laminate.

• The delamination growth between ultrasonically consolidated AISI 301/Al

crack retarder and aluminum structure follows the same trend as delamination
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between the bonded crack retarder and aluminum structure. The delamina-

tion patterns of bonded and ultrasonically consolidated crack retarders possess

the similar shape.

6.1 Research implication and contribution

6.1.1 Practical

Through the application of crack retarder, the fatigue crack can experience stable

growth for longer period of time. In other words, the critical crack length increases

and thus the:

• aircraft maintenance interval will be longer [191]

• time to the first inspection (i. e. inspection threshold) will be longer [191]

• number of inspection might be reduced if maintenance tasks are fittingly as-

sociated

• crack detectability increases, since longer cracks are always easier to detect

A high-performance cars, boats and spacecrafts (Fig. 6.1) are other candidates

that could benefit from the application of crack retarders. The crack retarder’s influ-

ence to load capacity, fracture toughness, buckling resistance and residual strength

was not examined in this thesis, however, the positive impact on all these structural

properties is strikingly obvious because of the stiffening effect.

6.1.2 Scientific

This thesis:

• Compares the impact of novel material combinations and technologies on the

fatigue crack growth rate and the delamination growth.

• Brings the experimental data for the calibration of predictive models that may

involve the delamination growth.
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• Marks the potential dead end; the cold spray deposit might increase the fatigue

crack growth rate and thus decrease the fatigue life.

• Proves that the delamination in the ultrasonically consolidated metal lami-

nates can be detected using the pulsed thermography.

(a) Aston Martin Vanquish [192]

(b) Yacht made by KM Yachtbuilders [193]

(c) Sentinel 2 MSI Structure with external
structural doubler [194]

Figure 6.1: Aluminum structures
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6.2 Future research ideas

Manufacturing technologies may lead to the induction of thermal residual stresses.

Because these stresses affects the performance of crack retarder, their levels must

be investigated. Studies discussing the effect of ultrasonic consolidation and cold

spraying on the thermal residual stress levels are scarce.

Studies focused on the delamination detactability and growth in cold sprayed

and ultrasonically consolidated structures under cyclic loading are lacking. Finding

the useful NDT method is necessary to design aircraft maintenance plan. Moreover,

the delamination data would be useful for predictive models.

The crack retarders need to be rigorously tested before their application in real

structure. It would involve testing of various designs at various stress levels, stress

ratios and cyclic loadings (CA,VA). Moreover, these tests must be performed at

the flight level atmospheric conditions, i.e. low temperature. The results from such

extensive testing can be used to calibrate the fatigue crack growth prediction models

incorporating delamination growth and thermal residual stresses. Such models for

cold sprayed and ultrasonically consolidated structures are lacking.

Ultrasonically consolidated specimen that was damaged during the test machine

failure demonstrated the outstanding formability. Since that accident, two research

topics have arisen: (1) research on the formability of ultrasonically consolidated

laminates made of dissimilar metals and (2) the impact of metal forming residual

stresses on the fatigue crack growth in ultrasonically consolidated laminates.

Utilizing the ultrasonic consolidation, the amount of stress transfered from sub-

strate to crack retarder was increased. In the crack retarder of 1-AISI301-UCCR

specimen, such stress level allowed the crack to nucleate. Lowering the joint strength,

the stress levels might decrease to the point that the fatigue crack do not nucleate.

Finding the optimal consolidation process parameters is the another problem to be

solved.
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Abbreviations

Al Aluminum

AlF Aluminum Oxide Fibre

ARALL Aramid Fiber Reinforced Aluminum Laminate

ASI Adiabatic Shear Instability

BCR Bonded Crack Retarder

BCRs Bonded Crack Retarders

BF Boron Fibre

C-scan A two dimensional graphical presentation, in which the discontinuity echoes

are displayed in a top view on the test surface

CA Constant Amplitude

CARE Carbon Fibre Reinforced Aluminum

CF Carbon Fibre

CNC Computer Numerical Control

cp commercialy pure

CSCR Cold Sprayed Crack Retarder

CSCRs Cold Sprayed Crack Retarders

CT Compact Tension
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CTE Coefficient of Thermal Expansion

DLD Direct Laser Deposition

EBSP Electron Beam Suface Processing

ESET Eccentrically-Loaded Single Edge Crack Tension

FE Finite Element

FEA Finite Element Analysis

FPL Forest Products Laboratory

GF Glass Fibre

GLARE Glass Reinforced Aluminum Laminate

GM Geometry Modification

HE Hydrogen Embrittlement

LEAF Linear Elastic Analysis of Fracture

LEF Life Extension Factor

LICRA Life Increment Crack Retarders Analysis

M(T) Middle Tension

makima Modified Akima piecewise cubic Hermite interpolation Matlab Function

MMC Metal Matrix Composite

NASGRO suite of computer programs used to analyze fracture and fatigue crack

growth

ReSLIC Reinforced Structures Life Improvement Calculation

RS Residual Stresses

RT Room Temperature
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SCC Stress Corrosion Cracking

SENT Single-Edge Notched Tension

SIF Stress Intensity Factor

SLM Selective Laser Melting

Ti Titanium

TLP Transient Liquid Phase

UAM Ultrasonic Additive Manufacturing

UCCR Ultrasonically Consolidated Crack Retarder

UD Unidirectional

VA Variable Amplitude

VCCT Virtual Crack Closure Technique

VHPCR Vacuum Hot Pressed Crack Retarder
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Appendix A

Delamination data

A.1 1-CFUD-BCR

(a) Left BCR

(b) Right BCR

Figure A.1: 1-CFUD-BCR specimen: Delamination patterns.
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A.2 2-CFUD-BCR

(a) Left BCR

(b) Right BCR

Figure A.2: 2-CFUD-BCR specimen: Delamination patterns.

ii



A.3 1-AISI301A-BCR

(a) Left BCR
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(b) Right BCR

Figure A.3: 1-AISI301A-BCR specimen: Delamination patterns.
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A.4 2-AISI301B-BCR

(a) Left BCR
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(b) Right BCR

Figure A.4: 2-AISI301A-BCR specimen: Delamination patterns.

vi



A.5 2-AISI301-UCCR

(a) Left BCR
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(b) Right BCR

Figure A.5: 2-AISI301-UCCR specimen: Delamination patterns.
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