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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.



Abstrakt

Unavové trhlina roste v integralni konstrukei rychleji nez v konstrukeci nytované.
z metod jak omezit rust dlouhych inavovych trhlin je aplikace lokélntho vyztuzent,
tzv. zastavovace trhliny. Zastavova¢ omezuje rozevieni cela trhliny, ¢imz vyrazné
zpomaluje jeji rust.

V prvni ¢asti prace jsou kriticky hodnoceny dosavadni studie zabyvajici se meto-
dami zpomalovani rustu dlouhych tinavovych trhlin. ReSerse je rozsitena i na tech-
nologie, které material nepridavaji, ale napiiklad pouze méni stav materidlu pod-
kladové konstrukce. Studie jsou hodnoceny s ohledem na pouzité technologie, ma-
teridly a zvySeni inavové zivotnosti. Rovnéz jsou zminény obecné zavéry tykajici
se pozadavku na vlastnosti optimélniho zastavovace trhlin. Na konci reserse jsou
diskutovany smeéry, kterymi by se mohl ubirat vyzkum v oblasti zpomalovani rustu

dlouhych tunavovych trhlin.

Na zakladé zjisténych mezer v soucasném stavu poznani byl stanoven cil préace;
porovnat dopad lepenych a aditivné vyrobenych zastavovaci na rust trhliny v kon-
strukci z hlinikové slitiny. Ptricemz byly vybrany tyto aditivni technologie: cold spray
a ultrazvukova konsolidace. Obé tyto technologie umozinuji vytvorit vysokopevnostni
spoj mezi nestejnymi kovovymi materidly, ¢imz by bylo mozné minimalizovat rozvoj
delaminace mezi zastavovacem a podkladovou konstrukei. 7 hlediska materialu
se prace zaméruje zejména na vysokopevnostni nerezovou ocel z téchto duvodu:
vysoka pevnost, vysoky modul pruznosti v tahu a koeficient tepelné roztaznosti
blizky hlinikové slitiné. Pro potieby porovnani byly do studie zahrnuty i lepené

zastavovace z uhlikového kompozitu a stitkané zastavovace z titanové slitiny.

Teoreticka cést prace poskytuje vhled do linedrni lomové mechaniky a sifeni
dlouhych tnavovych trhlin. Rovnéz jsou diskutovany efekty majici dopad na rust
unavovych trhlin v kovovych konstrukcich. V kapitole jsou také predstaveny jed-
notlivé technologie pouzité pro vyrobu zastavovacu trhlin v této praci. V zavéru
kapitoly jsou podrobné rozebrany mechanismy a vlastnosti zastavovacu trhliny, které

maji pozitivni i negativni dopad na rychlost siteni trhliny v podkladové konstrukei.
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V experimentalni ¢dsti prace je nejprve popsana vyroba vzorku se zastavovaci
trhlin. 'V pftipadé lepenych zastavovacu byly pouzité v minulosti osvédéené pos-
tupy upravy adherendt. V pripadé zastavovacu stitkanych metodou cold spray byly
pouzity v minulosti optimalizované procesni parametry nastiiku. Pro vyrobu ultra-
zvukove konsolidovanych zastavovacu bylo nezbytné provést optimalizaci procesnich
parametru, protoze jejich hodnoty nebyly pro danou aplikaci ovérené. Pripravené
vzorky byly podrobeny cyklickému zatizeni pfi némz se opticky pozoroval vznik
a nasledny rust unavové trhliny. Za tcelem zachyceni delaminace byla vyztuzena
strana vzorku snimana termokamerou. Termokamera snimala teplotni odezvu vzorku
po optické excitaci. Termogramy byly déale zpracovavany metodou rekonstrukce ter-
mografického signdlu za tcelem zvyseni kontrastu delaminace.

Meétenim bylo prokazalo, ze zastavovace z nerezové oceli vyznamné prodlouzuji
zivotnost hlinikové konstrukce a snizuji rychlost siteni trhliny. To plati pro zas-
tavovace lepené a ultrazvukové konsolidované. Zastavovace z titanové slitiny a nere-
zové oceli vyrabéné metodou cold spray nebyly efektivni. Jejich aplikace na pod-
kladovou konstrukei vedla ke snizeni inavové zivostnosti a zvyseni rychlosti Sitfeni
unavové trhliny v podkladové konstrukeci. Stiikané zastavovace nedelaminovaly;
unavova trhlina prorostla ptimo do zastavovacu trhlin. K pfimému rustu trhliny do
zastavovace doslo i v pfipadé vzorku s ultrazvukové konsolidovanymi zastavovaci.
Zastavovace ze dvou vrstev oceli umoznily zpomalit rust inavové trhliny nejvice.
Zastavovac v tomto pripadé delaminoval. Pticemz zavislost velikosti delaminace na
poctu cyklu mé stejny trend jako v pripadé zastavovacu lepenych.

Tato diserta¢ni prace porovnava dopad doposud nevyzkousenych materidlu za-
stavovace a vyrobnich technologii na rychlost sifeni trhliny v hlinikové konstrukei,
delaminaci zastavovace a zivotnost vzorku. Vysledky studie je mozné vyuzit k tvorbe
modelu predikujicich rust trhliny v ultrazvukové konsolidovanych a lepenych kon-
strukcich. Vysledky experimentalnich méreni navic prokazuji, ze je mozné detekovat

delaminaci v ultrazvukové konsolidovaném lamindtu metodou pulzni termografie.

Klicovd slova: Lokélni vyztuzeni, Lepeny zastavovac trhliny, Cold spray, Ultra-

zvukova konsolidace, Riist trhliny, Piipustné poskozeni, Termografie, Delaminace.
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Chapter 1

Introduction

1.1 Problem formulation

The primary airframe structure may consists of stringers, skin and trusses. Riv-
eting, a traditional technique to join these structural elements together, is being
replaced by the integral airframe structures manufacturing. 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.

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. 1.1). 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. 1.2).
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Figure 1.1: A comparison of integral and riveted structures: Physical barrier marked
with blue colour [1].
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Figure 1.2: Duration of crack growth in riveted and integral panel skin from initial
skin crack beneath broken central stringer [1].

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. 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].



Chapter 2

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 AIST 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 3161, 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.



Chapter 3

Experimental Work

This chapter describes the experimental studies (Tab. 3.1) that have been done to

! Each following section is named after the technology

meet the thesis objectives
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.

3.1 Swubstrate

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. 3.1). 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 [5] while the thickness of 2 mm represented common integral wing skin
panel. The mechanical properties of substrate are shown in Tab. 3.2. In case of
the specimens with ultrasonically consolidated crack retarders, the substrate was

manufactured in the reverse order (as elaborated in Chapter 3.4).

ISpecimens with thinner crack retarder are marked with 717 (e.g. 1-AISI301), thicker crack
retarder are marked with 72” (e.g. 2-AISI301)
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Table 3.1: Test matrix.

Crack retarder constituents

Crack retarder

Substrate

Loading parameters
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& Z 3 =z k= S = E = = A = &
Bare 0 - 0 0 - 0 0 0 RT 60
1-AISI301-BCR 1 AISI 301 026 1 Araldite® 2011 200 10 0.44 80 60
2-AISI301A-BCR 2 AISI 301 026 2 Araldite® 2011 200 10 0.60 80 60
2-AISI301B-BCR 2 AISI 301 026 2 Araldite® 2011 200 10 055 80 60
1-CFUD-BCR 2 MIOR/38%/UD150/CHS 0.16 1 Araldite® 2011 200 102 053 80 & « 60
2-CFUD-BCR 5 MIO0R/38%/UD150/CHS = 0.16 1  Araldite® 2011 200 102 108 80 = % 60 =
1-AISI316L-CSCR 3 AISI 316L 020 0 - 200 111 048 ? 3 S 60 ==
2-AISI316L-CSCR 6 AISI 316L 020 0 - 200 112 096 7 2 %60 I
1-Ti64-CSCR 3 Ti-6Al-4V 020 0 - 200 11.2  0.51 3 § 60 Re=F
2-Ti64-CSCR 6 Ti-6Al-4V 020 0 - 200 113 1.02 7?7 & 60
Bare 0 - 0 0 - 0 0 0 RT 60
1-AISI301-UCCR 1 AISI 301 026 1 1100-O 200 10.2 029 52 60
Bare 0 - 0 0 - 0 0 0 RT 100
2-AISI301-UCCR 2 AISI 301 0.26 2 1100-O 200 10.2 071 52 100
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Figure 3.1: Specimen shape. Dimensions in mm, not in scale.

Table 3.2: Mechanical and thermal properties of substrate, bonded crack
retarder and adhesive.

Material 2024-T351* AISI 301  MI10R/38%  Araldite® 2011

/UD150/CHS

E [GPa 72.4 185" 1369/143° 1.9
p [g/cm’] 2.77 7.88° 1.578 1.05b
a [107/K] 23 17 18 -
Rm [MPa) 470 1635°  21681/2676° -
Rpos [MPa] 325 1508" - -

A %] 20 2.1 ; ;

* [6]

> [7]

° 8]

4 Two layers. Tested according to ASTM D3039.
¢ Five layers. Tested according to ASTM D30309.
£ [9]

& Typical generic values.

" [10]
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3.2 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 NayCr,O7 -2 H,0O, HySO, and
H50. 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.

3.2.1 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. 3.2 for mechanical properties).

Crack retarder surface pretreatment: The straps used for adhesive bonding of
crack retarders were cut out of the sheet made of 0.255 mm thick AISI 301 steel
and degreased with acetone. After that, the straps were immersed in the solution
containing 12.5% HF, 40.8% H,0, and 46.7% HNOj3 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
excessive adhesive layer on the outer surfaces was removed. Then, the resulting
BCRs were degreased with acetone and immersed in the solution containing H5O,
HF and HNOj3 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.

2Two specimens with two steel layers were manufactured; specimen 2-AISI301A-BCR and 2-
AISI301B-BCR (Tab. 3.1).

13



3.2.2 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. 3.2).

Crack retarder 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 desired number of prepreg plies was positioned in
a single direction. Then the entire assembly was covered with the peel ply, bleeder
cloth and vacuum bagging film. Such assembly was autoclaved at 5 bar 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.

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.

3.3 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. Crack retarders
were deposited using the Impact Spray System 5/11 and following process param-
cters: stand-off distance 30 mm, step distance 1 mm, gun travel speed 0.5 m-s?,

gas (Ng) pressure 50 bar and temperature 1100 °C. These process parameters were

14



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. 3.3) 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 3.3: Mechanical and thermal prop-
erties of cold sprayed crack retarder.

Material Ti-6A1-4V  AISI 316L

E [GPa] 69.7% 182#
p lg/cm?] 4.43P 8.00°
a [1079 /K] 8.6" 15.9¢
Rm [MPa] 295 ® 7952
Rpo.2 [MPal - 765
A %] ; 0.05"
* Tested according to ASTM ES.
> [6]

“ 8]

3.4 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 com-
position, thickness and batch as in case of BCRs. Additionally, the 0.05 mm thick
interlayer made of 1100 alloy was used between steel layers (Tab. 3.4). The sub-
strate 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.
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Table 3.4: Mechanical
and thermal properties
of 1100-O interlayer used
in consolidated crack re-
tarder.

Material 1100-O

E [GPa] 69.0°
p lg/cm?] 2.71°
a [1079/K] 23.6%
Rm [MPa] 90*
Rpo‘g [MP&] 352
A [%] 40?
* 1]

3.4.1 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
process parameters had to be determined. For this reason, several trials with varying:
sonotrode’s frequency, longitudinal speed, amplitude, driver?, 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. 3.2a). 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. 3.2b). Some bonding to steel was achieved in the Trial 7,
it was difficult to peel up steel from anvil (Fig. 3.2c). Because the results of Trial 6

and 7 were found contradictory, other trials were done.

3Driver 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.

16
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(a) Trial 1: 32 pm amplitude, 25.4 mm/s longitudinal speed, titanium driver,
25 pum thick 1100-O interlayer, unheated anvil, 3000 N down force.

2024 substrate

2 2 1\
(b) Trial 6: 35.7 pm amplitude, 21.2 mm/s longitudinal speed, no driver, 51
pm thick 1100-O interlayer, unheated anvil, 3000 N down force.

—
2B

-

1100 foil
L0

- 2
Al

(c) Trial 7: 35.7 pm amplitude, 6.4 mm/s longitudinal speed, titanium driver,
51 pm thick 1100-O interlayer, unheated anvil, 3000 N down force.

Figure 3.2: 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. 3.3a). However, a few delaminations appeared in the Trial 9 (Fig. 3.3b).

AISI 301 foil

12024 substrate

(a) Trial 8: 40 pm amplitude, 21.2 mm/s longitudinal speed, ti-
tanium driver, 51 pm thick 1100-O interlayer, anvil heated at 52
°C, 7500 N down force.

)_A-___.":-_ —
= 2024 substrate |,
[ e R, S N I S : -
ol o - PR s ¥ R e T T e Tl Lt Y et

(b) Trial 9: 41.43 pm amplitude, 21.2 mm/s longitudinal speed,
titanium driver, 51 pm thick 1100-O interlayer, anvil heated at 52
°C, 7500 N down force. Red circle marks delamination.

Figure 3.3: 30 kHz trials

3.5 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 x 10° - 1.4 x 10° cycles. All specimens with bonded crack retarders, cold
sprayed crack retarders, without crack retarder and the specimen with ultrasonically
consolidated crack retarders (1-AIS301-UCCR specimen) were subjected to the crack

propagation test with the following parameters: ¢,,,, = 60 MPa, R = 0.1 and f = 15

18



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 o,,,, = 60 MPa and 0,4,
= 80 MPa. The crack did not start growing after the 1.0 x 10 - 1.4 x 10° cycles.
For this reason, the test was conducted at o0,,,, = 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.

3.6 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

* was collected during heating and decay while the

(Fig. 3.4). Thermal response
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.

Timer

Specimen —
= —

Qn

( Flir SC660 U

|

Monitor

Figure 3.4: Pulsed thermography apparatus.

4Sequence of thermal images.
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3.7 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 polynomials (i.e. Thermographic Signal Recon-
struction) to reduce high spatial frequency noise [12]. Solving the 1st derivative of

each polynomial, the flaw to background contrast was increased [12] (Fig. 3.5).

(a) Raw.

(b) Normalized.

(c) TSR: 4th order polynomials.

(d) TSR: first derivatives of polynomials.

Figure 3.5: Thermographic image processing steps: chronological order.

3.8 Results and discussion

During the crack propagation test, no crack initiation was observed in the BCRs.
They broke® or disbond® 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. 3.6). In case of the ultrasonically consolidated crack retarders,

51-AISI301A-BCR, 1-CFUD-CR
62-AISI301A-BCR, 2-AISI301B-BCR, 2-CFUD-BCR
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(a) Specimen 1-316L-CSCR. (b) Specimen 1-AIS301-UCCR.

Figure 3.6: 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. 3.6a). 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. 3.7,
3.8).

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:

Ni - Nbare

LEF =
Nbare

(3.1)

where N; is the number of cycles of specimen with crack retarders and Ny, 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. 3.9). 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

21



50 I T T T T X
A
& ¢
)
45 S -
() P
¢ 03
40 - P P .
i )] 0
i ‘:' P
[ i P -
35 i b P
il % P
i} )]
30 i A 1
i}
—_ 1 )] %
€ i 2 %
Eost by p ]
3] i &
1} l,
20 - P i
7]
71
"n # O 1-Tie4-CSCR
15 - Z 2, O  2-Tie4-CSCR .
4 42 O 1-AISI316L-CSCR
b 7P
L 7 O 1-CFUD-BCR
10 P O 2-CFUD-BCR
g O 1-AISI301A-BCR
s | B = O 2-AISI301A-BCR
y O 2-AISI301B-BCR
O Bare
0 | | | | |
0 1 2 3 4 5 6
N [cycles] x10°

Figure 3.7: Crack growth curves: bonded and cold sprayed crack retarders; 0,4, =

60 MPa, R =0.1, f = 15 Hz.
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(a) 1-AISI301-UCCR specimen.
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Figure 3.8: 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.

LEF []

05

1-Ti64-CSCR
2-Tie4-CSCR
1-AISI316L-CSCR
2-AISI316L-CSCR o
1-CFUD-BCR
2-CFUD-BCR
1-AISI301A-BCR
2-AlSI301A-BCR
2-AlSI301B-BCR

Figure 3.9: 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
typical out-of-plane deformation was observed in all specimens with CSCRs [13].

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 Cizek et al. [14]. 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. 3.10a). However, specimen with two steel layers
(2-AISI301-UCCR) experienced the greatest increase by a factor of 7.3 (Fig. 3.10b).
Note that in this specimen, the precrack length was five times greater and the 0,4,
was 1.66 times greater compared to the specimens with bonded and cold sprayed

crack retarders.

LEF [-]

o o
s ]
o o

1-AISI301-UCCR
2-AISI301-UCCR

(a) 1-AISI301-UCCR specimen. (b) 2-AISI301-UCCR specimen.

Figure 3.10: 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).
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 speci-
men (Fig. 3.11). 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 specimen 2-

Ti64-CSCR can be identified in the (11-28) mm crack length range, the specimen
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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. 3.12a), which resulted in
already mentioned shorter fatigue life. On contrary, the specimen with two steel lay-
ers possessed fatigue crack growth rate significantly lower compared to the specimen

without crack retarders (Fig. 3.12b).

100 T T T T T T T T T
= = =1-Ti64-CSCR
2-Ti64-CSCR
107" F[= = =1-AISI316L-CSCR
- = =1-CFUD-BCR
2-CFUD-BCR
102 F |= = =1-AISI301A-BCR

%)
% 2-AISI301A-BCR
> 2-AISI301B-BCR
€ 1073 Bare
E
2 0
= 10
S
8
= 10°
10°®
10-7 | | | | | | | | |

5 10 15 20 25 30 35 40 45 50
a [mm]

Figure 3.11: 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]:

Ni—Npare 100
= —Thee (3.2)

mstrap

where M4y 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

weight of a specimen (Fig. 3.13). One can also observe that the thinner BCR were
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(a) 1-AISI301-UCCR specimen.

100: T T T T T

2-AISI301-UCCR
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10-4 | | | | |
25 30 35 40 45 50
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(b) 2-AISI301-UCCR specimen.

Figure 3.12: Fatigue crack growth rate: ultrasonically consolidated crack retarders.
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much more effective than the thicker ones, however, this fact was already proved by
Boscolo [3] and Molinari [15]. 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% ¢!, was observed in the ultrasonically

consolidated crack retarder with two steel layers (2-AISI301-UCCR)".

e [1/9]

1.4

-20

1-Ti64-CSCR 1
2-Tie4-CSCR
1-AISI316L-CSCR
2-AlSI316L-CSCR
1-CFUD-BCR [
2-CFUD-BCR
1-AISI301A-BCR
2-AlISI301A-BCR
2-AlSI301B-BCR

Figure 3.13: 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. 3.14). The steel crack
retarders delaminated with continually increasing delamination rate. The earlier

onset of delamination in specimens with steel crack retarders can be attributed to

“In this specimen, the precrack length was five times greater and the 0,4, was 1.66 times
greater compared to the specimens with bonded and cold sprayed crack retarders.
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Figure 3.14: Delamination growth: bonded crack retarders.

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. 3.15); two steel layers start to

delaminate in the end of specimen’s fatigue life.
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Figure 3.15: Delamination growth: 2-AISI301-UCCR specimen.
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Chapter 4

Conclusion

From the results discussed in the previous chapter, the following conclusions can be

drawn:

e 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 AIST 301/Al. The greatest increase by
a factor 7.2 was recorded in specimen with ultrasonically consolidated AISI

301 /Al crack retarder.

e Utilizing bonded CF UD, AISI 301 crack retarders or ultrasonically consoli-
dated AIST 301/Al crack retarder; the fatigue crack growth rate in the alu-

minum structure can be significantly decreased.

e The greatest percentage of life improvement with respect to the bare specimen
per gram weight of crack retarder, 82.2% ¢~!, was detected in the specimen

with ultrasonically consolidated AISI 301/Al crack retarder.

e 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.

e 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.

4.1 Research implication and contribution

4.1.1 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:

e aircraft maintenance interval will be longer [16]
e time to the first inspection (i. e. inspection threshold) will be longer [16]

e number of inspection might be reduced if maintenance tasks are fittingly as-

sociated

e crack detectability increases, since longer cracks are always easier to detect

A high-performance cars, boats and spacecrafts are other candidates that could
benefit from the application of crack retarders. The crack retarder’s influence to load
capacity, fracture toughness, buckling resistance and residual strength was not ex-
amined in this thesis, however, the positive impact on all these structural properties

is strikingly obvious because of the stiffening effect.

4.1.2 Scientific

This thesis (1) compares the impact of novel material combinations and technolo-
gies on the fatigue crack growth rate and the delamination growth; (2) brings the
experimental data for the calibration of predictive models that may involve the de-
lamination growth; (3) marks the potential dead end, i.e. the cold spray deposit
might increase the fatigue crack growth rate and thus decrease the fatigue life; (4)
proves that the delamination in the ultrasonically consolidated metal laminates can

be detected using the pulsed thermography.
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Abbreviations

BCR Bonded Crack Retarder

BCRs Bonded Crack Retarders

CF  Carbon Fibre

CSCR Cold Sprayed Crack Retarders

FPL Forest Products Laboratory

makima Modified Akima piecewise cubic Hermite interpolation Matlab Function
UCCR Ultrasonically Consolidated Crack Retarder

UD  Unidirectional
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