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Abstract

Cold roll bonded (CRB) Al/Al-Sn/Al/steel and sintered CuSnNi/steel bimetal strips

are used in the automotive industry for the manufacture of engine bearings, bushes and

thrust washers. Any defects such as delamination or porosity that occur in bimetal

strips during manufacturing can cause problems at downstream production steps and

if they remain undetected, could result in components failing in the field, which is

a significant business risk. One way to reduce this business risk is to install a final

inspection system on a continuous production line as the strip passes a fixed inspection

point. In process control this could alert the operators to reject defective material

and correct process parameters when the defect occurs. As this system requires 100%

volumetric inspection, installing it has its challenges due to the harsh manufacturing

environment in which the strip moves at up to 20 m/min in the processing lines at

room temperature. A literature review and feasibility study on different non-destructive

testing (NDT) techniques to inspect bond quality of CRBed Al/Al-Sn/Al/steel bimetal

strips was conducted to assess technologies that could be developed for serial inspection.

Guided waves generated using Electromagnetic Acoustic Transducers (EMATs) was

identified as best suited for this application. Since this technology was not available

off-the-shelf, significant research and experimental work was carried out to develop an

automated prototype system. The system was successfully installed at a strip processing

line and demonstrated the online bond inspection capability for Al/Al-Sn/Al/steel and

CuSnNi/steel bimetal strips, which is the main achievement of this EngD project. For

CuSnNi/steel strips, causes of defects and preventative control measures were studied

and examined. Industrialisation of the inspection system will significantly reduce the

company business risk and improve bond quality of bimetal strips.
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Chapter 1

Introduction

1.1 Background

Reciprocating engines are the most common type of internal combustion engines. These

engines and their bearings are characterised by cyclic loading. Only sleeve type slid-

ing bearings can support the moving parts and provide a distribution of the applied

load over the running surface, which can withstand the loading conditions of internal

combustion engines. Figure 1.1 illustrates typical bearing, bush and thrust washer ap-

plications in combustion engines. Bush applications are camshaft, balancer shaft and

small end connecting rod assemblies. Connecting rod bearings connect the connect-

ing rod and crankshaft. Main bearings are used to connect crankshaft and crankcase.

Depending on the application, the components have different product features. Since

the lower main bearing requires a higher load carrying capability compared to the up-

per main bearing, it is typically a plain bearing, while upper main bearings typically

have oil hole or groove features. Connecting rod bearings are typically plain bearings.

Thrust washers distribute the axial load of the crankshaft in the crankcase. In today’s

engine designs, increasing attention is paid to improving load resistance, wear reduction

and increased conformability between bearings and shaft.

A full range of materials is available for applications in passenger car and commercial

vehicle engines. These include aluminium-based two-layer bearings in which the alloy

is bonded to the steel back, as well as bronze-based three-layer bearings with the
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Figure 1.1: Application of bearings, bushings and thrust washers in the internal com-
bustion engine

Figure 1.2: Schematic of bimetallic bearing

bronze-alloy being cast or sintered to the steel back. The third layer, the overlay, can

be applied by galvanic, sputter, or thermal spray processes. The majority of engine

bearings are aluminium-based two-layer bimetal bearings. Aluminium-based alloys are

used for engine bearings in the automotive industry due to the ideal hybrid properties

of Al-Sn alloy and steel. The properties are wear and corrosion resistance as well as

high anti-seizure properties. Figure 1.2 illustrates an aluminium-based bimetal bearing

with the lining layer that is in sliding contact with the crankshaft, a technically pure

Al-1050 intermediate bonding layer and steel backing layer to have sufficient strength

to withstand the imposed loads and sufficient rigidity to maintain alignment.

Cold Roll Bonding (CRB) of aluminium-based alloys to steel is a key manufac-

turing process to produce bimetal strips for engine bearings. Figure 1.3 schematically

illustrates the CRB process and shows a micrograph of the resulting four-layered Al/Al-
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Figure 1.3: Schematic of bimetallic strip cold roll bonding

Sn/Al/steel structure. The cladding layers of the Al-Sn internal core are Al-1050 foil.

The Al-Sn alloy has a nominal 6-20% tin content. The three-layered Al/Al-Sn/Al sys-

tem is referred to as clad Al, which is CRBed onto steel free from aligned linear porosity

or continuous oxides. The backing is made of a low carbon steel. In CRB, the solid state

weld is achieved by a substantial and simultaneous plastic deformation of the metals

at room temperature [1]. The disadvantage of the CRB process is the large number of

secondary operations and high requirement for bonding surface preparation [2], which

are critical to bond quality. In the MAHLE Kilmarnock Scotland plant, the internal

Process Failure Mode Effects Analysis (PFMEA) of the continuous CRB production

line, identified 171 different root causes for poor bond in the secondary and surface

preparation operations.

1.2 Al/Al-Sn/Al/steel bimetal defects and testing

Despite permanent effort to prevent and minimise the occurrence of defects during

manufacturing, it is near impossible to continuously yield a perfect product due to the

many process and material related influencing factors that determine the final product

quality. This section describes the destructive testing procedures that are applied in

serial production for quality assurance and that were considered to correlate NDT

results. The most significant defects that occur in serial production, which should be

detected with the NDT technique, are introduced.
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Table 1.1: Evaluation method, sample size and frequency of bimetal product charac-
teristic tests

1.2.1 Quality assurance destructive testing

The current practice in industry for strip inspection is destructive testing using a chisel

test, peel test, shear test, Erichsen cup test or hot hammer test [1]. Although each

technique has specific advantages and disadvantages, the major restriction for all of

them is that only a minor proportion of the finished material is inspected. MAHLE

has implemented a procedure based on various destructive tests to detect defects in

serial production. From each produced bimetal coil, one bimetal sample sheet is taken

from both ends. In the test section, the Al-Sn alloy to intermediate bonding layer and

steel to bonding layer bond strength are assessed with a lining peel back test. The

lining and steel hardness is tested using the Vickers hardness test. From each bimetal

sheet, micro samples are also taken for examination in the quality control laboratory.

In the laboratory, the microstructure, bond quality and lining thickness are tested. All

test results are recorded in an electronic database. The occurrence frequency of the

different defect types was based on three years data from the laboratory test database.

Table 1.1 provides an overview of the different evaluation methods, sample sizes

and frequencies of tests that are used to access the various product characteristics of

bimetal strips.

The lining adhesion peel back test is used as serial production test to assess the

condition of the Al-Sn alloy to intermediate foil and foil to steel bond. The rolling

direction is clearly identified on each sheet by an ink marked arrow. The peel back

test is conducted at least three times per sheet, at the left edge, middle, and right edge

of the sample sheet. The test procedure is that an incision through the Al/Al-Sn/Al
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Figure 1.4: Lining adhesion peel back test ratings

lining is made with a sharp 13 mm wide chisel. The lining is then prised upwards until

it can be gripped with a pair of round-nosed pincers. The lining is then peeled back

in a rotational movement. In order to prevent premature fracture of the lining, it is

continually re-gripped throughout the test. Once the lining fractured, the condition of

the surface under the peeled lining is observed. A peel back with a clean steel surface,

free of any lining material, indicates that the alloy-foil bond is stronger than the foil-

steel bond. If lining material remains on the steel, it indicates that the foil-steel bond is

stronger than the alloy-foil bond. If the lining fractures without any peel, it indicates

that the alloy-foil as well as foil-steel bond is stronger than the Al-Sn alloy tensile

strength. This method is based on the Gibbs free energy principle [3], which states

that the fracture result is determined by the outcome that has the lowest delta G value

and therefore requires the least amount of work and is the most thermodynamically

favourable outcome.

Figure 1.4 schematically illustrates the different peel back failure ratings. The length

of lining peel back prior to fracture is measured and used to rate the bond qualitatively.

The peel back acceptability ratings were established empirically over many years and

thousands of tests. No peel back indicates that the bond condition is optimal. A peel

back up to 5 mm indicates that the bond condition is weakened, but acceptable. If the

peel back is longer than 5 mm, it is unacceptable in any case.

The disadvantage of the test is that it is not rigorously scientific. Flawed aspects of
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the test were described in [4]. When a hammer and chisel is used to create an incision

through the lining, this results in work hardening of the clad Al lining material. Work

hardening results in more brittle clad Al, which may fracture earlier than it would

without work hardening. Furthermore the repeatability of the test is poor, because the

applied force, impact angle, incision depth as well as the operator differ from test to test.

Although the test is not accurate enough to evaluate subtle changes in bond conditions,

it is time proven to detect clearly substandard bonding conditions with a high level of

confidence. Since the objective of the online NDT technique is the identification of

clearly substandard bonding conditions, the well established destructive peel back test

is used to correlate the NDT results.

1.2.2 Defects

Figure 1.5 shows the frequency of defects that occurred in serial production over a

period of three years. 71.2% of the defects were bond defects between intermediate

bond layer and steel. 10.6% of the material was rejected because of substandard mi-

crostructure. The Al-1050 sacrificial foil to Al-Sn alloy bond accounts for 9.9% of the

defects. Dimensional defects, either wrong lining to steel thickness ratio or total thick-

ness, were found in 4% of all defective samples. 2.6% of the defects were related to

substandard steel. 1.7% of the detected defects were not categorised. The sum of bond

defects (intermediate bond foil to steel and Al-1050 foil to Al-Sn alloy) is 81.1%, which

demonstrates that bond defects at the two interfaces are the most significant defects

in CRBed Al/Al-Sn/Al/steel bimetal strips. At the same time, bond defects cause

the largest risk that components fail in the field, because they are not visible at the

surface and only a minor proportion of bimetal strips is inspected regarding the bond

condition. In the following, the defects are described in more detail.

Figure 1.6 illustrates the different types of foil to alloy bond defects. In optimal bond

conditions, the three-layered Al/Al-Sn/Al system is free from aligned linear porosity,

tin or continous oxides, as they may initiate the detachment of the foil from the alloy.

Figure 1.6(a) shows the detached Al-1050 foil from the Al-Sn alloy caused by continuous

oxides at the interface at the sacrificial side of the clad Al. Detached Al-1050 foil from
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Figure 1.5: Pareto analysis of defects that occurred over a period of three years in
CRBed Al/Al-Sn/Al/steel bimetal strips

the alloy at the sacrificial side is visible as blisters on the strip surface, which is shown

in Figure 1.6(b). Figure 1.6(c) shows continuous oxides at the intermediate Al-1050 foil

to Al-Sn alloy interface, which caused delamination. In Figure 1.6(d), the delamination

between intermediate bond foil and Al-Sn alloy is caused by continuous porosity along

the bond line. Continuous tin stringers, as shown in Figure 1.6(e), can also initiate

delamination between intermediate bond foil and Al-Sn alloy.

Figure 1.7 illustrates the different types of intermediate bond foil to steel bond

defects. If the solution heat treatment or annealing time is exceeded, there is the risk

of the formation of a brittle intermetallic layer that forms at the bond line, as shown in

Figure 1.7(a). Three intermetallic phases Al2Fe, Al5Fe2 and Al13Fe4 exist when the steel

diffuses into the aluminium layer, as Fe has a high solubility in Al [5]. Plant internal

trials concluded that an intermetallic layer which is thicker than 3-5 µm is detrimental

to the bond, which forms at enhanced solution heat treatment temperatures and/or

times. Figure 1.7(b) shows steel debris along the bond line, which were bonded to the

intermediate bond foil, but not to the steel. This is an initiation point for delamination.

Debris at the bond line are typically caused by insufficient extraction of debris during

the steel surface linishing operation.

If bond defects are not detected during strip manufacturing, there is a chance at

downstream half shell bearing manufacturing operations at the internal customer to
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Figure 1.6: Foil to alloy bond defects (a) micrograph of sacrificial side, (b) blisters on
bimetal strip surface, (c) micrograph showing oxides at bond, (d) micrograph showing
porosity at bond and (e) micrograph showing tin at bond

Figure 1.7: Foil to steel bond defects (a) micrograph showing formation of aluminium
iron, (b) steel debris bonded to foil
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detect bond defects. Figure 1.8 illustrates bond defects at the interface between inter-

mediate bond foil and steel, which were only detected after further downstream process-

ing. In the manufacturing of bearing components, bimetal strips are slit into multiple,

more narrow strands. If the components are processed down-strip, then the strand

width corresponds to the width of the component. If the components are processed

cross-strip, then the strand width corresponds to the blank length of a component. De-

pending on the width of the bimetal strip and strand, one strip can be slit into two to

15 strands. Figure 1.8(a) shows a narrow down-strip strand after slitting, in which the

clad Al completely detached from the steel. The steel surface appearance is relatively

uniform, which indicates that the steel was not linished properly before bonding. The

fact that the clad Al detached only after slitting, indicates that the processing issue

was only local, because the clad Al did not detach from steel in adjacent strands. Once

strips are slitted into strands, blanks are cropped from the strand. These blanks are

then pressed into half shell bearings. At this stage, features are manufactured. Figure

1.8(b) shows a half shell bearing, in which the clad Al detached from the steel when

the oil groove was milled. The forces during the milling operation exceeded the bond

strength between foil and steel, indicating that the bond was weakened but not de-

tected at earlier manufacturing and inspection steps. The inner diameter of the half

shell bearings is finished with a high speed boring operation. Figure 1.8(c) shows a clad

Al to steel delamination, which occurred when the shear forces exceeded the adhesion

between the layers during inner diameter boring.

Figure 1.9 shows different lining microstructures that are unacceptable because of

their detrimental effect on product performance. Figure 1.9(a) shows small areas of

porosity in the Al-Sn alloy. A significant level of non-reticulated tin longer than 0.13

mm in rolling direction is shown in Figure 1.9(b). Figure 1.9(c) shows the occurrence

of stabilised tin stringers.

Any point of contact between strip and machine (e.g. guided rollers, pinch units)

can cause scoring or indents on the lining or steel side of bimetal strips. Figure 1.10

shows indents on the steel backing that were not acceptable.
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Figure 1.8: Delamination between intermediate bond foil and steel (a) in a narrow
strand, (b) in a half shell bearing after oil groove milling and (c) in a half shell bearing
after inner diameter boring

Figure 1.9: Microstructural defects in Al-Sn lining (a) porosity, (b) directionality and
(c) stabilised tin stringers

Figure 1.10: Indents on steel backing material
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1.3 Aims of thesis

There are two bimetal strip manufacturing processes in the MAHLE Kilmarnock Scot-

land plant, CRB of aluminium-based alloy on steel and continuous sintering and rolling

of CuSnNi bronze to steel. The objective of the NDT system is to detect sub-surface

bond defects between the various interfaces. The main body of this thesis focuses on the

development of an online NDT technique for Al/Al-Sn/Al/steel bimetal. A case study

describes the development and application of the prototype system for CuSnNi/steel

bimetal inspection, which was an additional validation of the developed technique. The

overall aim of this thesis is to prevent bimetal strips being delivered to customers with

bond defects. This can be achieved by reducing the occurrence of bond defects through

the identification and implementation of defect prevention controls and developing from

sampling to 100% volumetric online inspection. In order to achieve the overall aim of

the thesis, the following objectives were concluded:

1. Establish what kind of defects occur in cold roll bonding and continuous sintering

of bimetal strips.

2. Review the literature to identify suitable NDT techniques that could be employed

for the bond inspection of CRBed Al/Al-Sn/Al/steel and sintered CuSn/steel

bimetal strips.

3. Conduct an initial feasibility study on promising NDT techniques to detect bond

defects.

4. Develop a system for final inspection and in-process control in serial production.

5. Identify root causes for defects in bimetal strips and implement prevention con-

trols.

Findings from this research will contribute to the question; if a NDT technique

can be developed and employed in the harsh bimetal strip manufacturing environment.

Furthermore prevention controls will reduce the likelihood that defect occur in produc-

tion.
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1.4 Publications to date arising as a result of thesis

Journal publications

P. J. Tallafuss, A. Rosochowski and S. Campbell, ”A feasibility study on different

NDT techniques used for testing bond quality in cold roll bonded AlSn alloy/steel

bimetal strips”, Manufacturing Review, vol. 4, no. 4, pp. 1-18, 2017.

P. J. Tallafuss, V. Garca, P. Kowski and A. Romero, ”Detection of bond defects

in cold roll bonded Al/Al-Sn/Al/steel sheets using Lamb type guided wave EMATs

(Spanish)”, Asociacion Espanola de Ensayos No Destructivos, vol. 3, no. 80, pp. 32-

40, 2017.

P. J. Tallafuss, A. Rosochowski, S. Campbell and X. Minguez, ”Implementing an

online bond quality inspection system for cold roll bonded Al/Al-Sn/Al/steel strips us-

ing guided wave EMATs”, Insight Non-Destructive Testing and Condition Monitoring,

vol. 60, no. 3, pp. 145-154, 2018.

P. J. Tallafuss and J. Johnston, ”Defects, causes and prevention controls in the

continuous bronze/steel bimetal strip sintering process”, Engineering Failure Analysis,

vol. 92, pp. 32-43, 2018.

P. J. Tallafuss, X. Minguez and A. Rosochowski, ”Development of S1 guided wave

mode using EMATs for online inspection of porosity and delamination defects in CuSn/steel

bimetal strip production”, Journal of Nondestructive Evaluation, (under review).

Conference publications

P. J. Tallafuss, A. Rosochowski, S. Campbell and A. Camacho, ”Detection of bond

defects in cold roll bonded Al/Al-Sn/Al/steel sheets using Lamb type guided wave

EMATs”, in Proceedings of the First World Congress on Condition Monitoring (WCCM

2017), p. 56, London, UK, 2017.
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1.5 Overview of thesis

Figure 1.11 provides an overview of the EngD project. It schematically shows the

logical progression of the project, how the individual work packages are linked to each

other and were published in journal and conference articles.

After a major bearing component failure in the field caused by an undetected defect

in the plant, MAHLE initiated the project to develop a serial online NDT system.

Chapter 1 introduces the project background and aims of the thesis. The destructive

quality tests and defects that occur in Al/Al-Sn/Al/steel bimetal are introduced. The

most significant defects such as delamination and porosity that should be detected with

the online NDT technique were identified.

Chapter 2 introduces the Al/Al-Sn/Al/steel manufacturing process and cold roll

bonding mechanism.

A literature review was conducted to identify NDT techniques that exist and which

could potentially be employed to detect delamination and porosity defects in bimetal

strips. Based on the literature review, shearography, thermography, ultrasound and

guided waves generated with EMATs were selected for a feasibility study. For this

study, defects were artificially implanted into CRBed Al/Al-Sn/Al/steel samples and

then tested with the different techniques. The result was that guided waves and EMATs

was the most promising technique for bimetal strips bond NDT. The feasibility study

is described in chapter 3.

After the technique using guided waves generated with EMATs was identified, an

industrial development partner for the prototype inspection machine was selected. In

chapter 4, the theoretical background about guided waves is summarised. It describes

how a numerical model was used to obtain dispersion curves for Al/Al-Sn/Al/steel

bimetal plates to identify potential guided wave modes for practical inspection and

how guided waves interact with defects.

Subsequent experimental research presented in chapter 5 verified that the identified

wave mode parameters can be used to detect bond defects in Al/Al-Sn/Al/steel plates.

Samples with artificially implanted delamination, embedded steel debris and brittle
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intermetallic Al-Fe diffusion bond layers were produced for this study. The result was an

understanding of the system sensitivity to detect these significant defects. Furthermore

it was found that the technique could work for in-process control and online final

inspection.

A guided waves EMAT prototype inspection machine was designed and built in col-

laboration with the industrial partner. The system was installed at an industrial strip

processing line for rigorous online inspection trials of full-length Al/Al-Sn/Al/steel

strips to address the question, if online inspection under the harsh manufacturing con-

ditions is possible. The EMAT prototype machine has successfully demonstrated the

capability to detect bond defects online, which nowadays are only detectable with a

destructive peel-off test. In addition, 100% volumetric inspection of the material can

be achieved online instead of only spot-checks at the beginning and the end of strips.

The experimental work that was done online on the industrial strip processing line is

described in chapter 6.

Once trials with Al/Al-Sn/Al/steel samples were successfully completed, work was

undertaken to also reduce the defects in CuSn/steel bimetal strips so that material

would not fail in the field. Chapter 7 is a systematic analysis of defects that occur in

CuSn/steel bimetal strips, root cause investigation and identification of defect preven-

tion controls. Since to date no systematic review about strip defects originating from

the manufacturing process existed in the public domain, research and examination was

carried out in the MAHLE Kilmarnock plant to understand the defects that occur in

serial production. It was identified that porosity and delamination are the most signif-

icant defects in CuSn/steel bimetal strips and that the NDT technique should be able

to detect these defects.

Chapter 8 is a feasibility study to detect porosity and delamination defects in

CuSn/steel bimetal strips. Dispersion curves were calculated to identify potential wave

modes for practical inspection, which were then experimentally verified using the guided

waves EMAT prototype machine and samples with artificially implanted defects. Online

trials of full length non-conformance coils during production verified that the prototype

system is also able to monitor CuSn/steel bimetal strips in the harsh manufacturing
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environment.

Based on the project outcomes, it was decided to develop a serial machine con-

cept and technical specification for industrialisation of the inspection technique. The

concept was developed in collaboration with a 3rd party mechanical machine building

partner. The concept considers the lessons learned from the extensive practical ex-

perimental research. Chapter 9 describes the key points that were considered for the

industrialisation stage of the project.
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Figure 1.11: Schematic diagram showing the main stages of the EngD project and how
the individual work packages were published and are linked into sections of the final
thesis
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Al/Al-Sn/Al/steel cold roll

bonding process

In this chapter the Al/Al-Sn/Al/steel bimetal CRB process is described. The NDT

inspection system should be installed either as in-line process control or as a final

inspection operation in this process. This manufacturing process was also used to

produce sample sheets and strips for the NDT experimental research in this work.

2.1 Manufacturing process

2.1.1 Al-Sn alloy casting

Figure 2.1 schematically illustrates the casting process. A melting furnace with core-less

crucible and helical copper coil is used to melt out initial and process residue material.

The functional principle is to heat the charge by inducing alternating currents, which

pass through the coil. Once the metal is liquid, the electromagnetic field, which is

produced by the coil and the induced current in the material, creates a stirring effect

that homogenises the chemical composition and temperature of the molten alloy. The

crucible is tilted to transfer the melt into holding furnaces via launder segments. A

critical process parameter is the temperature before transfer to ensure the melt reaches

the holding furnaces at 770-790◦C temperature. The crucible gas fired holding furnaces

hold sufficient, small batches of melt at temperature available in front of the continuous
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Figure 2.1: Schematic of continuous Al-Sn alloy twin belt casting process

horizontal twin-belt casting lines. A rotary degassing unit using N2 purges the melt

from impurities. This is required due to the high affinity of aluminium for hydrogen in

order to prevent gas inclusions that could cause porosity in the cast coils. Al-Sn alloys

for bearings are cast using a horizontal fibreglass twin-belt process. This technology

can be traced back to US patent 3110941 filed in 1960 and assigned in 1963 to R.T.

Fagg from American Metal Climax Inc. At present, the production of Al-Sn alloys is

the only application of fibreglass twin-belt casting technology. The liquid Al-Sn alloy

is poured from the holding furnaces into a tundish with a ceramic casting die between

two rotating fibreglass belts. The belts are under tension using guided rollers. The

molten metal solidifies between two water cooled copper plates, which are 16 mm apart

from each other. The belts are sprayed with a graphite lubricant to prevent the metal

sticking to the belt and are characterized by zero relative movement between belt and

casting surface, which results in the desired surface quality for the next process step.

A sample of the coil is analysed by XRF to confirm the correct chemical composition.

Silicon containing alloys are annealed after casting to relieve stress and homogenise

the alloy before cladding. Non-silicon containing alloy continue to the cladding process

without annealing.

2.1.2 Al/Al-Sn/Al cladding

The Al-Sn cast coils are, depending on the final product, either clad with 1.2 mm or

1.5 mm thick Al-1050, Al-Cu, Al-Si or Al-Mn foil on either one or both sides in a

cold rolling cladding operation. Due to the relatively soft tin phase in the Al-Sn alloy
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Figure 2.2: Schematic of Al/Al-Sn/Al cladding process

Figure 2.3: Schematic of Al/Al-Sn/Al clad alloy rolling process

that has an adverse bond effect, the cladding foil is required as bonding agent between

Al-Sn alloy and steel to achieve the required adhesion at the bonding operation. The

second clad foil layer is sacrificial and is machined at the downstream operation half

shell bearing ID boring. The purpose of the sacrificial layer is to prevent tin bleeding

at subsequent annealing operations. The Al-Sn cast coil surface is linished and brushed

and the foil surface is brushed at their interfaces before all three layers enter the rolling

mill simultaneously and the thickness is reduced by 63%. This process is shown in

Figure 2.2.

2.1.3 Further rolling reduction

Figure 2.3 shows a sequence of rolling passes in which the Al/Al-Sn/Al clad alloy is

rolled down from about 7.0 mm to 2.0 mm in a tandem mill stand. The first pass is
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referred to as ”sealing”, as the first double pass has to take place within a certain time

period to prevent the cladding foils from detaching from the alloy. Once at 2.0 mm

thickness, the Al/Al-Sn/Al alloy is further rolled to the final thickness in another 3-4

passes at a stand-alone 4-high rolling mill with high tolerance control. A typical final

rolling thickness is about 0.90 mm. Once at final thickness, the alloy is trimmed to the

required width and to remove edge cracking and degreased before the clad alloy is sent

to the bimetal bonding operation.

2.1.4 Cold roll bonding Al/Al-Sn/Al/steel

In cold roll bonding, a solid state weld is achieved at room temperature by the joint

plastic deformation of the clad alloy and steel. Figure 2.4 illustrates the cold roll

bonding process in the Kilmarnock plant. In order to run the process continuously,

steel coils are welded together at the input side of the line. During the time that the

steel input side of the plant has to stop for welding, steel is supplied from the input

magazine to continue bonding. The steel coil is straightened and degreased in a high

pressurised, high temperature water tank and then linished by rotating abrasive belts

to activate the surface before the bonding operation. The clad alloy bond surface is

brushed before bimetal bonding. Purpose of the surface preparation is the removal of

contaminants and surface oxides, which would prevent an effective cold weld. The steel

and clad alloy strips pass simultaneously through a 4-high mill with a 43% thickness

reduction to bond the layers. After bonding, the bimetal strip is pulled through a

bimetal exit magazine, which allows the operator to remove coils from the coiler while

the bonding operation continues to run. The bimetal coils then undergo a post bonding

annealing operation to alleviate any strain that was caused by cold working and to

improve the bond.

2.1.5 Solution heat treatment

Some Si-containing materials are heat treated by processing the bimetal coils through

a fluidised bed, which is a bed filled with sand that is kept at a constant temperature

of about 475◦C. The bed has approximately 4 m length and depending on the bimetal
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Figure 2.4: Schematic of cold roll bonding Al/Al-Sn/Al clad alloy to steel

thickness, the processing speed is between 4-5 m/min. In this process, precipitation

hardening occurs which leads to a higher maximum load capability of the bearings

made from this type of material. Exceeding the time at temperature at this process

causes brittle AlxFex intermetallics, which are the main cause for delamination between

clad Al and steel for this type of material.

2.1.6 Final inspection

At the final inspection line, machine visual inspection (Cognex, 60 MHz compact digital

camera nodes) is used for 100% volumetric inspection of the coil surface to find any

previously unnoticed surface defects. Defects are scrap marked before packing the coils

for delivery. Currently, only surface defects can be detected, but no subsurface or bond

defects.
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Table 2.1: Chemical composition (wt%) of Al-Sn alloys considered in this study

Table 2.2: Chemical compositions (wt. %) and mechanical properties of low-carbon
steel

2.2 Material and bond properties

2.2.1 Aluminium bearing alloys

The aluminium lining material is made of Al-Sn and Al-Sn-Si alloys, which are the

most widely used lining alloy type in today’s bimetal bearing materials. Table 2.1

summarises the chemical composition of the alloys that are considered in this study.

Table 2.2 shows a typical low-carbon steel used for bimetal strips.

Aluminium-Tin system

There are a large variety of Sn containing aluminium bearing alloys, with Sn content

varying between 5% and 20%. Sn is contained in the aluminium bearing alloy for

the bearing anti-friction properties, however microstructure and mechanical property

improvements are achieved by adding further alloying elements. Al and Sn exhibit no

solubility in each other, the proportions of the distinct phases depend on the cooling

rate. Alloys that exceed 10% Sn content have a structure in which Sn envelopes

surround Al grains. Solid solution hardening of the Al phase with the addition of

up to 1% Cu greatly increases the strength of the Al-Sn alloy. Annealing is required

after certain rolling reductions to recrystallize the Al grains due to the cold working.

Since the annealing temperatures exceed the Sn melting point of 231.9 ◦C, the Sn

redistributes and therefore no longer isolates the Al grains from each other.

22



Chapter 2. Al/Al-Sn/Al/steel cold roll bonding process

Aluminium-Tin-Silicon system

Although Al-Sn bearing alloys show good seizure resistance, they feature poor fatigue

resistance under high engine loads. Al-Si alloys in contrary have excellent wear resis-

tance, but only poor seizure resistance, especially under poor lubricating conditions

that can occur in engine bearing applications [6]. The best set of material properties

for bearing lining alloys can be achieved by the combination of the Al-Sn and Al-Si

systems in an Al-Sn-Si system. The addition of Mn, Ni, Cu and V as alloying ele-

ments produces complex intermetallics that improve the strength and hardness of the

alloy. The material properties of these intermetallic compounds are between metals

and ceramics, with metallic and covalent bonds [7].

2.2.2 Microstructural deformation effects in rolling aluminium and

steel strips

Aluminium and steel crystal lattice structure

Understanding the initial atomic structure and properties of aluminium and steel is

essential to understand the formability behaviour during rolling. The crystal lattice

is a regular, repetitive framework with ions at positions that are defined by the unit

cell, which describes the atomic structure. Aluminium and austenitic steel have a face

centred cubic (fcc) unit cell, while ferritic steel alloys usually crystallise with a body

centred cubic (bcc) unit cell as shown in Figures 2.5(a) and 2.5(b) [8]. Both, fcc and

bcc have ions that are located at the eight corners of the cube. The fcc unit cell has an

additional ion located in the geometric centre of each of the cube faces, while the bcc

only has one additional ion in the centre of the cube.

While aluminium always crystallises with a fcc lattice, the unit cell structure of steel

alloys is dependent on the present iron phase and therefore more complex. Three phases

exist, which are α−, γ−, and δ−iron [9]. However, low carbon steel that is subject in this

work, can be considered as pure iron due to the very small weight % (approx. 0.005%)

of carbon that is present in the alloy, which exists as the α−iron phase (ferrite) that

crystallises as bcc unit cell and stays structurally stable up to a temperature of 910 ◦C,
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Figure 2.5: Lattice structure (a) face-centred cubic and (b) body-centred cubic
[8]

which is not exceeded in the Al/Al-Sn/Al/steel bimetal manufacturing process. This

phase is ferromagnetic [9].

Grain formation at microstructual level

Individual grains and their orientation, morphology and size of crystals determine the

composition of a polycrystalline aggregate’s microstructure. Grains are a volume of

crystals that have a similar or same crystallographic orientation. These crystallographic

grains play a significant role in the formability and mechanical properties of metals [10].

The extreme case of recrystallisation is when metal solidifies from a liquid state

and grains start to grow. Formation of grains is initiated at random locations as small

nuclei that are a focal source of grain growth, spread in all directions and form in the

specific lattice structure of the metal. The orientation of the lattice relative to the

other nuclei and the sample boundaries is random, since each nuclei develops indepen-

dently. In an idealised scenario, each adjoining atom inherits the lattice structure and

orientation of the initial grain nuclei, until eventually the individual grains meet and

form grain boundaries [11]. Figure 2.6 illustrates an Electron backscatter diffraction

(EBSD) Grain Identification Map (GIM) from a typical Al-Sn-Si bearing alloy. The

colours are arbitrary and highlight the grains and their boundaries. The accumula-

tion of grains is what is referred to as microstructure, which determines the physical

material properties.
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Figure 2.6: EBSD grain identification map from a rolled and bonded Al-Sn-Si alloy
sample [12]

Microstructure deformation during rolling

The crystal lattice of the polycrystalline metal will either deform elastically or plas-

tically [13], depending on the relation between applied load and yield strength of the

metal [8].

Elastic deformation

Elastic deformation of the crystal lattice occurs when the applied load remains below

the yield stress. Once the load is removed, the lattice returns to the initial state with

the initial interatomic planar spacing, shape and size. The physical laws Hooke’s law

of elasticity and the materials Poisson’s ratio describe the elastic deformation [8]. The

elasticity of the crystal lattice is fundamental for the creation of ultrasound waves in

the material that are used for inspection.

Plastic deformation

Plastic deformation is required to roll down the thickness of the Al-Sn or Al-Sn-Si

bearing alloy and bonding on steel backing material. It can be described as flow-like

behaviour of the metal, while the deformation alters the initial material properties [14].

The metal either fractures or slips when the yield strength is exceeded. During the
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Figure 2.7: Schematics illustrating the more likely occurrence of slip in the (a) primitive
cubic lattice compared to (b) lattice with smaller planar spacing

rolling of Al-Sn or Al-Sn-Si alloys, it is inevitable that fracture along the edges of the

strips occurs, which is not desirable and is trimmed off during the process. Slip is the

movement of atomic planes sliding over another and is the desired outcome of rolling

the metal, as it creates a permanent and irreversible change in the shape and structure,

while the polycrystalline volume is maintained.

Slip

The lattice structure for a metal determines the formation and direction of prevalent slip

planes. Figure 2.7(a) shows a primitive cubic lattice that features planes along A1 and

A2, which are equal from all three Cartesian directions x, y and z. In these two planes,

the atoms are exactly aligned with each other, which is characteristic for a primitive

cubic lattice system. The inter-atomic planar spacing is equal to the diameter of one

atom and each horizontal and vertical plane has the same, high atomic density. Figure

2.7(b) illustrates a lattice structure, in which the planes are defined by B1 and B2,

and the atomic separation is smaller compared to the primitive cubic lattice structure.

Considering the ’least energy’ argument, slip is more likely to occur between planes A1

and A2 than B1 and B2 [15].
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Table 2.3: Common slip planes {uvw} and directions <hkl> for fcc and bcc crystal
lattice metals

Slip planes in bcc and fcc polycrystalline metals

Metal sheets such as Al-Sn or Al-Sn-Si alloys and low carbon steel are constructed

of discrete grains (see Figure 2.6), therefore the simplified slip description is not ad-

equate. Due to the fact that the individual grains have random lattice orientations

relative to each other, the lattice structure is not homogeneous throughout the sheets,

and consequently one slip system cannot propagate throughout the entire sheet [16].

Therefore plastic deformation in polycrystalline sheets involves multiple slip systems

within the constituent grains that are involved in the forming process and their av-

eraged mechanical properties determine when the yield point is exceeded, resulting in

plastic deformation [8]. Table 2.3 summarises the common primary and secondary slip

planes for fcc and bcc metals [17].

A defect in the lattice structure is defined as any interruption in the continuity of

the crystal lattice. The type of defects that exist are either vacancies or extra interstitial

atoms that are located within the crystal lattice. These defects manifest themselves

either as point or line defects in the crystal lattice. It is the movement of line defects

along the slip planes that initiate slip systems in polycrystalline systems. These line

defects are referred to as dislocations, of which two primary types exist: edge and screw

dislocations [10].

Edge dislocation

Figure 2.8 schematically illustrates shearing of a crystal by one atomic distance along

the plane that leads to a single edge dislocation. If a dislocation propagates through

the entire crystal lattice, it leads to an edge at the surface. Even though the edge is

small and therefore difficult to detect, visible slip lanes are created when a number of
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Figure 2.8: Single edge dislocation

Figure 2.9: Screw dislocation [18]

edge dislocations accumulate along the same slip plane [10].

Screw dislocations

Screw dislocation is schematically shown in Figure 2.9. In contrary to the edge dislo-

cation that propagates through the entire crystal, the screw dislocation is a helical-like

defect that involves crystals from inter atomic planes adjacent to the slip plane. The

direction of the screw dislocation is dependent on the planes that are involved [18],

which is illustrated in Figure 2.9.

The Burgers vector, b defines the order of magnitude and orientation of the edge or

screw dislocation and corresponding lattice distortion. In case of the edge dislocation,

the Burgers vector is orthogonal to the dislocation, while in the case of the screw ori-
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entation, the Burgers vector is parallel to the dislocation [18]. The dislocation density

is higher at grain boundaries, since grain boundaries prevent dislocations from prop-

agating and therefore multiple dislocations accumulate at the grain boundaries. This

accumulation of dislocations at grain boundaries is a significant influencing factor on

ultrasound wave scattering [8].

2.2.3 Roll bonding process

During the rolling process the thickness of a metal, which is usually a strip, billet,

bloom, plate or sheet, is plastically reduced, which results in an elongation of the ma-

terial, while the material volume remains constant [19]. Rolling of sheets is a directional

process, which means that the material properties become directional as well. On a

micro structural level, this means that slip is introduced, which converts the isotropic

into an anisotropic state, which affects the elastic behaviour of the cubic-crystallising

metals [13].

CRB is the process of generating composite materials of dissimilar metals at room

temperature. The metal sheets are stacked on top of each other and pass simultaneously

through a rolling mill, in which both metals are subject to substantial reduction that

facilitates a solid state bond [1]. The rolling as well as the roll bonding process can

be done either above (hot rolling, hot roll bonding) or below (cold rolling, cold roll

bonding) the recrystallisation temperature of the metals that are processed.

Figure 2.10 schematically illustrates the rolling process, in which two rolls rotate in

opposite angular direction and apply load on the input material with initial thickness

(t1) to reduce the thickness of the material as it passes through the rolls. The resulting

output material thickness (t2) depends on the gap between the two work rolls. The

elongation of the material implies that the angular roll velocity is greater than the

material input speed, which is achieved by the substantial frictional forces to plastically

reduce the thickness of the material [20]. The equation for the ratio of the rolling

reduction that the materials experience as they pass through the rolls is given by

Equation 2.1 [19]:
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Figure 2.10: Schematic of the rolling process [20]

rred =
t2
t1

(2.1)

For high reduction levels like in this process in which alloy is reduced from 16 mm

to 0.5 - 0.8 mm, i.e. t1 >> t2, a sequence of multiple passes and/or rolling mill stands

is used to achieve this substantial accumulated thickness reduction.

Mechanism of cold roll bonding

Although the complex interface that forms during roll bonding is not yet completely

understood [21], there exist four theories to explain the mechanism of CRB and all four

theories are believed to contribute to the bonding mechanism: 1. thin film [22–27], 2.

energy barrier [22], 3. diffusion bonding [28] and 4. joint recrystallisation [29] theories.

It is generally accepted that the thin film theory is the predominant mechanism of

CRB [21, 30], since the rolling temperature is below the recrystallization temperature

of the metals involved.

The thin film theory states that bonding between metals is achieved when sur-

face deformation is severe enough to expose the uncontaminated metal from below the

surface and the two layers get in contact with each other. Figure 2.11 schematically

illustrates the thin film mechanism for two metal layers with brittle surfaces and cov-

ering layers that enter a mill simultaneously for bonding. The bond between the two

metals develops in three stages:

1. The two brittle surfaces are brought into contact.

2. The contacting surfaces are activated by applying pressure via the rolling mills,
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Figure 2.11: Schematic illustration of the thin film theory showing fracture and extru-
sion of the stacked metal sheet surface layers during CRB [21]

which results in surface area increase that cracks the brittle cover layers as well

as reduces the thickness of the contaminant film.

3. Creation of the metallurgical bond by extruding uncontaminated metal that form

cold welds that are interrupted by isolated islands of the brittle cover and con-

taminants layer.

The strongest bond is achieved when the areas of metallic bond and interruptions of

brittle material are in a steady pattern [1]. The thin film theory was further developed

by differentiating between two bond formation mechanisms within the thin film theory

[31];

1. Brittle surface cover layers fracture as a result of the surface increase during

rolling. In CRB these brittle, work hardened surface layers are achieved by scratch

brushing and/or linishing the metal surfaces before bonding. The fractures open

the metal surfaces that are bonded together so that the internal uncontaminated

metal is extruded and their highest asperities form a metallic bond.

2. In metal surface areas where no brittle cover layer exist, the oxide, water and

any other contaminant film is locally thinned until the uncontaminated metal
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Figure 2.12: SEM micrographs of Al-Sn alloy (a) cracking of the Al-Sn cover layer, (b)
magnification of the same surface showing that the fracture is brittle, (c) linished low
carbon steel after surface expansion showing cracking of the brittle cover layer [1]

is exposed. In order to achieve this a threshold surface increase, the threshold

reduction Rt during CRB is required.

Figure 2.12 shows Scanning Electron Micrographs (SEM) that confirm this mech-

anism, The SEM micrographs were taken from Al/Al-Sn/Al/steel bimetal samples.

Figure 2.12(a) shows a SEM micrograph of the Al-Sn alloy surface after scratch brush-

ing and surface expansion that led to cracking of the cover layer. Figure 2.12(b) is a

magnification of the same Al-Sn alloy surface showing that the surface cracking is brit-

tle. Figure 2.12(c) is a SEM micrograph showing the linished low carbon steel surface

that exhibits cracking of the brittle cover layer.

For Al/Al-Sn/Al/steel bimetal strips in this thesis, the low carbon steel surface is

linished and the clad alloy surface is scratch brushed to generate a brittle surface layer

by introducing dislocations to the surface lattices [1] as required for the thin film theory

mechanism. Metals with a cubic lattice structure, such as fcc for the the Al-Sn alloy

and bcc for the low carbon steel, are more suited for CRB compared to metals with

hexagonal lattice structure. Hexagonal lattice structures require a higher threshold

deformation for bonding and feature lower maximum strength of the bond compared

to cubic metals.

The proposed explanation for this behaviour is that for hexagonal metals, the oxide

films break up independently from each other, while for the cubic metals, the oxide

films crack coherently, which promotes bonding over a larger contact area for the two

cubic metals [21].

The energy barrier theory suggests that a certain energy level is required to rear-
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range atoms in the metal surface layer to achieve a boundary configuration as well as

to disperse the surface contaminants layer, before bonding can take place [22,24]. It is

likely that the energy barrier is the barrier that is required to achieve recrystallization

in the metals, since in experiments with clean surfaces no bonding occurred, until the

required energy for recrystallization was achieved [29].

It is generally agreed that rolling creates an initial mechanical bond before a strong

metallurgical bond develops. However, it is not clear whether the metallurgical bond

already occurs during CRB or only during the post rolling annealing treatment [1].

Parameters affecting bond strength

In the following sections the process parameters are introduced, which affect bond qual-

ity and in the worst case can lead to catastrophic failure of engine bearing components

in the field. Understanding the mechanism of CRB and its relationship with critical

process parameters was systematically researched as part of a Knowledge Transfer Part-

nership (KTP) project between Glasgow Caledonian University and MAHLE Engine

Systems UK Ltd. in Kilmarnock. The objective of the KTP project was to design-

out delamination defects through process optimisation and control of critical process

parameters. More details can be found in [4].

Surface preparation

As discussed in the thin film theory, a layer of contaminants and surface oxides can pre-

vent the creation of nascent metal welds that are required to create effective cold welds.

Studies reported [32, 33] that degreasing the bond surfaces and mechanically scratch

brushing them shortly before the sheets enter the rolls, creates the strongest cold roll

bonds, since the interfering cover layer is removed. An adequate surface roughness

creates more surface asperities that enable localised sheer deformation, which breaks

up the remaining, unavoidable surface oxide film [34]. It appears that the local sheer

deformation additionally to the surface increase, also helps to break up the continuity

of any contaminant film [35]. Results from bonding studies with various different metal

combinations showed that each metal combination requires a specific surface prepara-
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tion technique to achieve optimum bond quality [1]. For Al/Al-Sn/Al/steel bimetal

strips, various studies [32, 33], reported that linishing steel and scratch brushing clad

alloy creates the strongest cold welds during CRB.

Effect of particles at interface

In general it was found that the presence of contaminant particles at the bond interface

during CRB can result in bond failure. Therefore steps were undertaken to minimise

the presence of any contaminants at the bond interface and in particular to minimise

the aluminium oxide formation [36,37].

CRB reduction factor

Various studies reported that the thickness reduction of a bimetal during CRB is the

most influential factor affecting bond strength [38, 39] as it is directly related to the

extrusion of uncontaminated metal by surface expansion [24]. The maximum bond

strength is achieved when the sheer bands, perpendicular to the rolling direction, be-

come the same as the tensile strength of the weaker of the two bonding materials [40].

In the case of Al/Al bimetals, up to 60-70% thickness reduction was required to obtain

weld strengths which were equivalent to solid metal [24].

Initial thickness

It was observed that increasing the initial thickness of bimetal strips during CRB results

in decreased bond strength. This can be explained by pressure, i.e. increasing the

thickness of the incoming sheets requires higher pressure to achieve the same reduction

percentage [30,41].

Rolling speed

Kilmarnock plant studies from the 1970s trialled various CRB speeds with the result

that increased speed did eventually result in poorer bond [1]. This is in line with

other studies, which also report that this effect is more pronounced at higher thickness
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reductions. It was concluded that this is due to a decrease in the contact time of the

interfaces during bonding [42].

Friction coefficient

Studies reported that increasing the friction between work roll and strip increases the

mean contact pressure, peel strength and therefore bond strength. Higher friction

coefficient correlates to a lower thickness reduction to achieve the same bond strength

[32,41,43,44].

Annealing

Annealing is required in the CRB process to modify the hardness that is created by

the required thickness reduction and to create strong metallurgical bonds. There are

annealing operations that take place either prior or post rolling. Studies showed that

in case of bonding aluminium to steel, the bond strength increases significantly if the

steel is pre-heated because of the more similar flow characteristics of the metals [45].

In contrast, if the aluminium is pre-heated the bond strength decreases and results in

only mechanical interlocking of the surface asperities [33]. The optimum post bond-

ing annealing time depends on temperature and required energy for recrystallisation

depending on the amount of deformation that the bimetal has experienced [1]. It was

found that bonds, which were created at room temperature, require post rolling anneal-

ing to achieve bond strengths for which the shear strength is close to that of a parent

material [46].
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Chapter 3

How guided waves using EMAT

ultrasonic technology was

selected in a feasibility study on

different NDT techniques

This chapter describes the results from four independent NDT studies, using active

thermography, shearography, ultrasound and guided wave EMATs and samples with

different artificially implanted defects to explore the feasibility to qualitatively indi-

cate the presence of bond defects. The destructive peel off test was used to correlate

the NDT results with known bond quality. The studies were done under laboratory

conditions, and in case of ultrasound also online under production conditions. Dur-

ing the ultrasound online testing, the requirements that a NDT technique has to fulfil

for online inspection of Al/Al-Sn/Al/steel bimetal strips were established. For active

thermography, shearography and guided wave EMAT techniques, it was theoretically

analysed, if the laboratory test results could be transferred to testing under production

conditions. As a result, guided waves using EMATs, among the four tested methods,

are best suited for online inspection of Al/Al-Sn/Al/steel bimetal strips. The content of

this chapter is based on the article A feasibility study on different NDT techniques used
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for testing bond quality in cold roll bonded Al-Sn alloy/steel bimetal strips (Tallafuss et

al., 2017) that was published in the Manufacturing Review journal.

3.1 Reviewing the literature

The purpose of the evaluation of different NDT techniques is to identify a technology

that is likely to be a suitable candidate for practical online NDT of Al/Al-Sn/Al/steel

bimetal strip bond quality.

3.1.1 Radiography

In Radiography X-rays are generated electrically, while Gamma rays are emitted from

radioactive isotopes. The principle is that the penetrating radiation is absorbed by

the material through which it passes. The greater the thickness and the denser the

material is, the greater is the absorption of the radiation. The X and Gamma rays

convert, in proportion to the intensity of the radiation reaching the film or difital

plate [47]. Internal defects like voids in material that is placed between the radiation

source and the film are visible on the film as darkened areas, because more radiation

reaches the film. This is schematically illustrated in Figure 3.1. The components of

X and Gamma radiography systems consist of radiation monitors, film markers, image

quality indicators, and darkroom equipment, which can be fully automatic processing

units. Computerised tomography allow real time inspection, although more suitable for

investigative purposes than in production inspection [47]. Radiography is not suitable

for online applications mainly due to possible health hazards and because X-ray images

get blurred when parts move, therefore it is not further considered in this feasibility

study.

3.1.2 Magnetic particle inspection

Magnetic particle inspection is used to inspect magnetic material, mainly ferritic steel

and iron, for the detection of surface and near surface defects. The functional principle

is that magnetic flux is generated in the material. If there is no defect, the flux lines are

38



Chapter 3. How guided waves using EMAT ultrasonic technology was selected in a
feasibility study on different NDT techniques

Figure 3.1: Schematic illustration of (a) exposure arrangement for radiography, (b)
resulting processed film [47]

parallel to the surface of the material, but if there is a discontinuity, the flux lines stray

out and magnetic attractive poles are generated at the defect boundaries. Particles

suspended in a liquid that provides mobility for the particles on the surface of the test

material are required for inspection. Typically these particles are iron oxides between

20 to 30 microns size. The magnetic poles at the defect attract the particles, which

indicates the presence of a defect. The most simple and often used technique to apply

magnetic flux in the material is to apply a permanent magnet to the surface, however

the disadvantage of this technique is that it cannot be controlled accurately because of

indifferent surface contact and deterioration in magnetic strength. In modern equip-

ments, the magnetic field is generated electrically. Figure 3.2 schematically illustrates

the inspection set up for bar-shaped material. In order to ensure that the material is

flawless, it is necessary to magnetise it in at least two directions, in order to make sure

that the magnetic flux flow is at least once orthogonal, either in case of longitudinal or

transverse orientated defects.

It is possible to automatise the technique to suit production inspection to the extent

of loading, magnetising, inking and unloading. However, the indicating ink systems
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Figure 3.2: Schematic illustration of (a) inspection set up for the detection of longitudi-
nal defects using current flow through the material, (b) detection of transverse defects
using an encircling coil [47]

Figure 3.3: Schematic illustration of (a) applying penetrant to the surface, (b) removal
of excess penetrant from surface, (c) developer powder applied on surface to draw out
penetrant and (d) attenuated indication of crack [47]

with recirculating fluid are restricted to smaller test pieces. In partly automatised

systems, the material still has to be viewed by eye to indicate the presence of a defect

[47]. Since magnetic particle inspection is restricted to ferromagnetic materials, has a

limited degree of possible automation for moving parts and is restricted to surface or

near surface defects, this technique is not further considered in the feasibility study.

3.1.3 Dye penetrant testing

Dye penetrant testing is typically used to detect surface breaking flaws in non-ferromagnetic

materials [47]. The functional principle is that a penetrant is drawn into cracks by cap-
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illary action, which indicates in good contrast to the background the presence of a

crack. Figure 3.3 schematically illustrates the dye penetrant testing procedure. Figure

3.3(a) illustrates the thin oil penetrant that is dyed with a fluorescent colour, which is

applied to the material surface and is drawn into the crack by capillary action. Figure

3.3(b) shows the removal of surplus penetrant from the surface and (c) applying a thin

surface coating of powdered chalk, which after a certain development period draws the

dye out of the crack and (d) visualises the crack magnified in width and in good con-

trast to the background. Although the principle always remains the same, it is possible

to automate the process with large sophisticated tanks, spraying and dying equipment,

but the detection cannot be automatised and still requires viewing by eye [47]. Since

dye penetrant testing is restricted to surface defects and cannot be fully automated for

moving parts, it is not considered in the feasibility study.

3.1.4 Eddy current

Eddy current testing is a well established technique in industry for surface and sub-

surface flaw detection, conductivity measurement and coating thickness measurement

[47]. Eddy currents that are generated by passing alternating current through coils can

be produced in any conducting material. The functional principle is that any change in

material or geometry is detected by the excitation coil as a change in the coil impedance.

When a defect, such as a crack, occurs in the material surface, the eddy current must

travel further around the crack, which is detected by the impedance change. Figure

3.4(a) schematically illustrates the circular eddy current pattern when no defect is

present. Figure 3.4(b) shows a surface crack in the plate, which distorts the eddy

current and is indicated by the increased impedance. Eddy current is one of the most

widely used NDT techniques in industry, because it is suitable for total automation

at high-speed testing up to 150 m/s and under harsh operating conditions [48] where

other techniques cannot be used. Although eddy current can perform a wide variety

of inspections, delaminations that lie parallel to the probe coil winding and probe scan

direction are undetectable [49]. Since delamination between aluminium clad lining

and steel in Al/Al-Sn/Al/steel bimetal strips is the most significant defect type, eddy
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Figure 3.4: Schematic illustration of eddy current testing principle (a) circular pattern
of eddy currents in material when no crack is present, (b) surface cracks cause distorted
eddy currents that result in increased impedance [47]

current testing is not further considered in the feasibility study.

3.1.5 Thermography

Temperature is one of the most common indicators of the structural health of compo-

nents. Typical examples are damaged machineries, corroded electrical connections and

damaged material components, which cause an abnormal temperature distribution. Re-

cently thermography became a widely accepted NDT technique in industry, which uses

the abnormal temperature distribution to detect flaws [50]. Thermography is widely

used to inspect buildings and civil structures [51], in the automotive and aerospace

industry in numerous applications for flaw detection, bonding integrity assessment and

composite structure evaluation [52–54] and diverse other applications such as pressure

vessel evaluation [55], pipeline inspection [56] and micro-crack inspection [57]. The

transient pulse heating technique has proven to be the most suitable method for bond

integrity testing for adhesive bonds, e.g. for panel frame structures or the bonnet of a

car, because the adhesive bond is usually close to the surface of the material [58]. This

is the reason for selecting the transient pulse thermography technique for the bond in-

spection of Al/Al-Sn/Al/steel bimetal sheets, in which the clad Al to steel delamination

is close to the surface of the sample. The functional principle in active thermography

is that heat is transferred into the material that causes an instantaneous thermal ex-

citation and the materials heat-transfer response is measured. It is a fast technique
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allowing real-time inspection, provides 100% check and is a non-contact technique to

inspect the material [58]. Flaws are revealed by searching anomalous hot-spots that

are caused by the flaws after thermal excitation. As thermography is a thermal ra-

diation measurement technique, flaws cause spatial variations in the observed surface

temperature pattern [58]. While in passive thermography only the variation of surface

radiation is measured, a controllable thermal source to excite the material and reduce

environmental influences is used in active thermography to inspect the material. Com-

mon active thermography techniques are transient pulse, step heating, periodic heating

as well as thermal mechanical vibration [58]. The harsh production environment of

Al/Al-Sn/Al/steel bimetal strips with varying ambient conditions (vibrations, temper-

ature and light conditions) is a challenge to apply Thermography for online inspection.

However, recent developments such as the Thermographic Signal Reconstruction (TSR)

method can enhance the analysis of thermographic sequences by creating a noise re-

duced replica of each pixel, which allows improved analysis over unprocessed image

data [59]. Since promising reference applications for the detection of sub-surface de-

fects exist for thermography, this technique is considered in the feasibility study.

3.1.6 Shearography

Shearography is a technique that is already well established in industry for NDT [60].

It has been successfully employed for adhesive bonding integrity inspection for multi-

layered composites, e.g. GLARE panels, honeycomb structures and glass (or carbon)-

fibre-reinforced plastics [61]. Other shearography applications are measurement of spe-

cific surface strains, residual stresses, 3D shapes and vibration modes and leakage de-

tection [62]. All these applications have in common, that the samples are usually static.

Bond defects in composites are detected by applying a known external excitation that

leads to deformation of the material, which enables NDT of the samples as the ba-

sic principle of this technique is based upon the response of the flaw to the applied

stress. The techniques include: pulse thermography [63], lock-in thermography [64],

thermosonics [65] and digital shearography [66]. Digital shearography has a broad ap-

plication field to provide information about flaws in materials such as discontinuities
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and separations, dimensions, as well as stress and dynamic response. Displacement

and displacement-derivatives are considered to measure the surface deformation. Flaws

are revealed by comparing flawless deformation areas to flaw containing deformation

anomalies, after the material is stressed. Analysis of the fringe patterns and backwards

calculations are used to detect the flaw. Typical methods for material deformation

that are non-contact and cause small rigid-body movement are pressurisation, partial

vacuum, acoustics as well as thermal-shock excitation [58]. In an ideal case, the applied

stress is similar to the service stress. This way only flaws that are critical in service

are detected and cosmetic flaws are ignored [60]. Furthermore it is a fast technique

allowing real-time inspection, provides 100% check and is a non-contact technique to

inspect the material [58].

A limitation for online NDT using shearography is the presence of higher distur-

bances, especially vibrations, which introduces unknown phase deviations in the shearo-

graphic images, which makes bond defect detection impossible. Recently a new ap-

proach to improve the quality of shearographic phase maps that are acquired in a harsh

environment was presented, which combines the N-dimensional Lissajous algorithm and

the concept of phase of differences, to improve the quality of phase maps [67]. This

progress could facilitate the application of digital shearography for the online inspec-

tion of Al/Al-Sn/Al/steel bimetal strips. Shearography is considered in the feasibility

study.

3.1.7 Ultrasound

Ultrasonic testing is considered as the most efficient inspection method in all ma-

jor industries, such as electrical and electronic components manufacturing, metallic

and composite material production, structures fabrication like airframes, piping and

pressure vessels, ships, bridges, motor vehicles, machinery and jet engines [68]. Ul-

trasonic testing methods are the most applied methods in non-destructive testing of

multi-layered composites [69]. In ultrasound inspection, sonic energy is used to locate

and identify surface and subsurface flaws. In the ASM handbook [70], the pulse-echo

method is presented as the most widely used configuration, in which the ultrasound
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pulse is reflected from a discontinuity. The functional principle is that waves travel in a

straight line and at a constant speed until they encounter an anomaly in the material,

which reflects the ultrasound wave. The reflected signals from the flaw surface that

the sound beam encounters are differently attenuated. Flaws such as cracks, holes,

delaminations, slags, cavities, porosities, bursts, lack of fusion or flakes that have sharp

boundaries, are easily detected and identified by ultrasonic testing [71].

A typical ultrasound amplitude representation technique is a C-scan, in which an

attenuation map of the scanned area of the part is shown. The flaw depth, which

is dependent on the ultrasound time of flight, is usually not recorded, but can be

controlled accurately by setting inspection gates. A limitation of C-scans is that the

interpretation can be misleading due to noise; however the development and use of

advanced transducers and the advancement in digital signal processing improved the

effectiveness of using ultrasonic testing for composite materials [69].

A limitation of ultrasound is that it requires a two-dimensional scan to cover the

entire material volume, which makes it difficult to inspect material online at high

speed [72]. Wang et al. [73] reported the development of an phased array ultrasonic

system for composite flaw detection. The advantage of phased array ultrasonic probes

compared to single-element probes is that is can focus and sweep the beam electroni-

cally instead of moving the probe. This results in improved sensitivity and coverage.

In order to increase the range and accuracy of inspection, plane beams, steered angled

beams and focused beams are often used [74, 75]. Furthermore recent development of

two-dimensional arrays reduce the requirement of a two-dimensional scan for single-

element probes to a one-dimensional scan to obtain a three-dimensional, 100% volu-

metric scan of components [76–78]. The principle of ultrasonic arrays is to emulate

monolithic transducers. Multiple independently controlled, parallel transmission cir-

cuits enable staggered activation of transducer elements in order to steer, translate or

focus the physical wave front in the material. The inspection system presented in [73]

was tested at laboratory level with the result that a clear visual representation of cracks

in composite parts and determination of the size and location of defects is possible with

phased array.
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The limitation is that the phased array transducer and the sample have to be

immersed in liquid to transmit the ultrasonic waves. Also piezoelectric ultrasound

transducers require a coupling media to transmit the ultrasonic sound from the probe

into the material to prevent an air gap with significant impedance mismatch between the

probe and the material. Coupling is either achieved by immersion testing [79], typically

for smaller test specimens, or by using water jet probes for larger components [80] and

smaller components [79]. This coupling media requirement can restrict ultrasound

inspection for certain applications, in which no coupling media can be applied on the

sample.

Devices that are used for evaluation of rails could provide a potential solution to

remove the need for coupling media. Ultrasonic rail track inspection is typically per-

formed either manually, using push-trolleys with integrated portable ultrasonic equip-

ment or special high-speed test vehicles carrying ultrasonic probes [81]. The principle

of ultrasound rail inspection is the same as for defect detection in components, using

the amplitude of any reflection to provide information about the location and type of

defect in the rails under inspection [82]. In so called roller search units or sled car-

riers, the transducers are contained in a liquid filled tyre [83, 84] and the inspection

speed achieved is up to 80 km/h. Variations in the speed of sound within fluid-filled

tyres that act as the primary transmission medium between the transducer and the

rail head may create widely varying ultrasonic inspection results. A new patent by

Sperry Rail, Inc. [85] describes a rolling search unit including an ultrasonic device and

a heat exchanger mounted within a fluid-filled tire. The heat exchanger maintains the

temperature of the fluid within the tire to standardise the results of testing regardless

of the ambient temperature in the environment [85]. Another recent development is

that some manufacturers have started inspecting in this area using linear phased array

transducers [86]. Since promising reference applications for the detection of sub-surface

defects exist for ultrasound testing, this technique is considered in the feasibility study.
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3.1.8 Guided waves using EMATs

EMATs belong to the group of noncontact ultrasonic transducers [87]. Typical appli-

cations are the inspection of pipes to detect corrosion or cracks [88], the condition of

rails [89], weld defect detection [90], adhesive bond inspection in composites [91] and

metal plates [72,92,93].

EMATs are capable to emit and receive ultrasound on conductive metals and they

are in particular suitable when the application requires a contactless inspection. Typ-

ical cases are if the sample is hot, moving, or otherwise not suitable for a transducer

to be directly in contact with the material, or when no coupling media or surface

preparations are possible to use [93–95]. Most of these criteria apply for the online

inspection of Al/Al-Sn/Al/steel bimetal, which is moving, contact should be avoided

to not damage the surface and carry over of the coupling media into the material is

not desired. Although EMAT is in theory a contactless technique, close proximity is

required. The maximum possible lift-off between the EMAT probe and material de-

pends on the EMAT design, material properties, and the acoustic wave frequency [96].

Studies report that due to the requirement of a reasonable signal-to-noise ratio (SNR),

the lift-off is typically restricted to below 3 mm [48].

EMAT sensors typically have a built in neodymium-iron-boron (Nd2Fe14B) sintered

permanent magnet that provides a static magnetic field and a coil of wire to induce

eddy currents at the skin depth of the sample. The ultrasound generation and recep-

tion between sample and probe is an electromagnetic mechanism due to the Lorentz

force and can involve magnetostriction, as well as the magnetisation force between the

oscillating magnetic field of the probe and the static magnetic field of the ferromagnetic

material [97–99].

EMATs are relatively inexpensive to produce, however they are less efficient at

generating or detecting ultrasound compared to piezoelectric transducers [100]. An

advantage compared to the pulse-echo or through transmission ultrasound technique is

that a conventional two-dimensional scan is reduced to a one-dimensional scan, which

increases inspection speed [72]. Furthermore guided waves that can be generated using

EMATs are well suited for thin plate inspection. The technique was already successfully
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Table 3.1: Feasibility of NDT techniques to fulfil online Al/Al-Sn/Al/steel bimetal
inspection requirements based on literature review

applied in the inspection of three-layered clad of brass/copper/brass material for coin

stock [72]. A recent development in the guided wave inspection of metallic plates is to

attempt to accurately determine the size and shape of defects instead of only detecting

the defects, which is possible by using an array of transducers to transmit and receive

guided waves from all directions [92]. Due to the promising reference applications

that exist for guided waves online detection of sub-surface defects, this technique is

considered in the feasibility study.

3.1.9 Conclusion

The literature was reviewed to identify which NDT methods fulfil the theoretical mini-

mum requirements to be considered in a feasibility study to detect artificially implanted

defects in Al/Al-Sn/Al/steel bimetal sheets. Table 3.1 summarises the results of the

literature review. The following minimum requirements were considered:

• Possibility for full automation: since the inspection application is high-volume

production for automotive components, it is desired to exclude any human inter-

action to detect defective material in order to guarantee 100% volumetric inspec-
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tion and good material.

• Non-contact technique: it is a strip production line design objective to minimise

the contact points between strip surface and machine, since each contact point is

a potential root cause to score the strip surface. Although it is desired that the

technique is contactless, this objective is not definite.

• Online inspection: some NDT techniques can only be used for components or

there are other reasons that prevent online inspection, such as health hazards,

considerable consumption or carry-over of consumables into the material or too

low inspection speed.

• Sub-surface defects: the most significant defects in bimetal strips are sub-surface

defects, since they entail the risk not to be detected and can lead to engine failure

in the field.

• Material properties: the functional principle of some NDT techniques require

certain material properties, such as electrical conductivity for eddy current testing

or ferromagnetic materials for magnetic particle testing, which are not fulfilled

by some alloys.

• Other limitations: Eddy current testing cannot detect sub-surface defects which

are in the same plane as the coil winding. Delamination between clad Al lining

and steel is in the same plane as the coil winding and therefore would not be

detectable.

The techniques that fulfil all theoretical requirements are laser shearography, ther-

mography, ultrasonic testing (immersion and contact), and guided waves generated

with EMATs. The literature review identified applications in which these NDT tech-

niques were already successfully employed to detect sub-surface defects in composite

materials. In the following chapter, the NDT feasibility study results for the selected

techniques and Al/Al-Sn/Al/steel bimetal plates with artificially implanted defects are

presented.
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Table 3.2: Test samples in relation to the applied NDT methods

3.2 Experimental procedures

3.2.1 Thermography

Sample preparation

Table 3.2 summarises the samples that were used in the active thermography feasibility

study. Sample AT-R is produced under normal production parameters and is used as

reference sample. The peel-off test confirmed sound Al-1050 foil to steel bond as there

was no peel back in the test that was done according to the procedure described in

section 1.2.1. This sample is made of 0.67 mm thick clad Al and 1.96 mm thick steel

sheets after 43% thickness reduction in CRB. The sample dimensions are 280 mm long

and 171 mm wide and have a total thickness of 2.63 mm.

For the AT-NL sample no linishing was applied to the steel surface. Various studies

[32,33] reported that steel linishing is essential to establish an effective cold weld during

CRB because it removes contaminants and surface oxides that could interfere with the

creation of nascent metal. It has been reported that localised shear deformation to break

unavoidable surface oxide films is promoted by a larger amount of surface asperities,

which are created by steel surface linishing [101]. MAHLE plant trials substantiate

that there is a negative effect on the bond integrity, if the steel surface is not linished

before CRB. The AT-NL sample prepared in this specific way failed the peel back test,

as the peel back was about 13 mm. This sample is made of 0.52 mm thick clad Al

and 2.13 mm thick steel sheets after 43% thickness reduction in CRB. The sample

dimensions are 280 mm long and 171 mm wide and have a total thickness of 2.65
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mm. For sample AT-RR, the same process like for sample AT-R was used, except for

the thickness reduction during CRB which was only 30% instead of the standard 43%

thickness reduction. The thickness reduction in bimetal CRB is the most influencing

factor on the bond strength [38]. This is because of the direct relation between thickness

reduction, surface expansion and extrusion of uncontaminated metal [24]. The AT-RR

sample prepared in this specific way also failed the peel back test, since the peel back

was about 9 mm. This sample is made of 0.63 mm thick clad Al and 2.00 mm thick

steel sheets after 30% thickness reduction in CRB. The sample dimensions are 280 mm

long and 171 mm wide and have a total thickness of 2.63 mm.

Experimental set up

Figure 3.5 is a schematic of the transient pulse thermography experimental setup.

Thermal radiation in the reflection mode of the one-time transient pulse excitation

technique was used in this experiment. This technique has the advantages of fast

inspection speed, full-field interrogation, as well as being contactless. Short exposure

time (approx. 3 ms) and transient light sources with large power (approx. 9.6 kJ)

excited the material. The samples were placed horizontally in a stable position on a

measurement table throughout the measurement process to keep the bimetal samples

perfectly aligned with the two flash lamps and the infrared camera. The clad Al surface

was facing the lighting source to heat it up with a short and spatially uniform light

pulse. Delamination areas are identified by an infrared (IR) camera that is connected

to a PC, which monitors and analyses the time-dependent sample surface temperature

response relative to the thermal pulse.

The delaminated areas in the bimetal sample obstruct the transient heat flow from

surface into the sample interior during the thermal excitation, because the vacuum

between the layers acts as a lagging. This produces an increase in the local transient

temperature of the alloy surface, directly above the delamination. These anomalous

hot-spots are revealed with time. The material depending characteristic diffusivity and

delamination depth that is dependent on the clad Al and steel sample thickness and

their influence on the transition time were taken into consideration when the model was
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Figure 3.5: Schematic of experimental set up for delamination detection in transient
pulse thermography

setup. The sequential data sets were considered as independent time histories of the

temperature at each pixel, which were described and analysed with a one-dimensional

diffusion model. In this model, the surface temperature depends only on time. Sample

variables in the model are thermal conductivity, density and the specific heat. The

inspection set-up variables are input energy per unit area. For a defective sample,

the temperature slope deviates from the characteristic slope of a defect-free sample.

Focusing on the deviation of a single pixel on the surface identifies delaminations that

interrupt the heat flow without reference to their neighbours.

3.2.2 Shearography

Sample preparation

Table 3.2 provides an overview of the two samples that were used in the digital shearog-

raphy feasibility study. Sample S-R is the reference sample that was produced under

normal production parameters. Good bond was confirmed with the peel-off test. S-

SP is the test specimen with artificially implanted delamination, in which 140x45 mm

80g/m2 gauge paper was inserted between the clad Al and the steel sheets before CRB.

The S-SP sample failed the peel off test, since the gauge paper created a defined gap

between clad Al and steel. The destructive test result was more than 5 mm peel off

and only ended due to fracture of the clad Al. This sample preparation method is also
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Figure 3.6: Shearography experimental set up for a) thermal shock and b) vacuum
technique

used in other studies to create a delamination, as it does not affect the adjacent bonded

interface [102]. Both samples were 280 mm long and 171 mm wide and were made of

0.53 mm thick clad Al and 1.22 mm thick steel sheets after 43% thickness reduction

during CRB.

Experimental set up

Two different excitation methods, vacuum and thermal shock loading, were tested in

the shearography feasibility study. Vacuum loading has already been successfully tested

on laboratory samples of aluminium-CFRP panels, which had artificially implanted

delaminations [58]. A drawback of this technique is that it is limited to delaminations

with enclosed boundaries. If the delamination in Al/Al-Sn/Al/steel bimetal strips are

at the edge of the strip, it would have an open boundary. Thermal shock loading

overcomes this drawback and is therefore more suitable in open panels. Thermal shock

excitation can be achieved by using hot air jet, heat lamp, and high power argon

laser or recently developed high power Xenon flash lamps. This technique successfully

revealed flaws under laboratory conditions for subsurface cracks that were engineered

in aluminium panels [58].
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The feasibility testing was carried out using the Dantec Dynamics Digital Shearog-

raphy NDT System Q-800. Figure 3.6(a) illustrates the thermal testing set up that was

used. The Q-800 system was mounted on the same table as the samples, approximately

450 mm away from each other. A 230V/750W heat lamp was positioned 30 mm away

from the sample with the alloy side facing to the heat lamp. First a reference speck-

legram was captured without loading the sample. The illumination duration was 30

seconds. Then heat energy was delivered to apply a thermal stress to the sample. Due

to the thermal heat excitation, the gas inside the delamination expands, creating an in-

ternal pressure in the sample. Then another series of specklegrams was captured. Due

to the temperature difference between the relatively cool interior of the specimen and

the exposed surface, a thermally induced bending moment is caused. Delaminations

lead to locally reduced rigidity close to the delamination, which causes localized out-of-

plane deformation anomalies. These anomalies were captured as fringe condensation,

which reveals the delamination.

Figure 3.6(b) shows the vacuum test set up. For vacuum testing, the same Q-800

system and the samples were placed in an airtight chamber 450 mm apart from each

other and an air pump produced a 100 mbar partial vacuum in the chamber between the

material surface and the enclosed space. As the test piece was uniformly stretched by

the negative pressure difference, delamination areas bulged and caused fringe anomaly.

3.2.3 Ultrasound

Sample preparation

Two samples were manufactured for the ultrasound testing feasibility study that are

summarised in Table 3.2. Sample UT-R is the reference sample that was produced

under normal conditions. The peel off test confirmed sound Al-1050 foil to steel bond,

since there was no peel back in the peel back test that was done according to the

procedure in section 1.2.1. For the UT-NB sample, the alloy surface was not brushed

prior to CRB to prevent an effective cold weld during CRB. It has been shown in other

studies that the oxide film thickness that is present on the alloy if it is not brushed prior

to CRB, does markedly decrease the bond integrity between Al-1050 foil and steel [1].
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Figure 3.7: Schematic view of test set up showing the Al-Sn alloy/steel bimetal sample
submerged in an immersion tank, stepper motor and the Data Acquisition System

Poor bond between Al-1050 foil and steel for the UT-NB sample was confirmed with

the peel off test, in which the peel back was about 2 mm, which indicates weakened

bond according to the acceptability criteria in section 1.2.1. The samples were 280 mm

long and 171 mm wide and were made of 0.53 mm thick clad Al and 1.22 mm thick

steel sheets after 43% thickness reduction during CRB.

Laboratory experimental set up

The pulse echo technique was used in the laboratory experiment. The system was

supplied by Physical Acoustics Ltd. It had a 25 MHz spot focused probe, stepper

motor and a Data Acquisition System comprising of a 100 MHz pulser / receiver, 1000

MHz A/D converter with dual gates and a PC with Ultrawin software.

Figure 3.7 shows a schematic of the scanner ultrasonic inspection system set up in

the laboratory. The pulse-echo scanner was submerged in the immersion tank and a

stepper motor was used to scan the specimen. The ultrasonics data acquisition system

was positioned next to the water tank. The system recored 100 pulses per second and

a moving average of 100 pulses (1 second) was used to monitor the signal. The probe

was transmitting and receiving from the steel surface and was focused onto the bond

line. Two signal gates were set to receive the echo from the bond line (Gate 1) and

from the alloy backwall (Gate 2). The output from the returned signal is displayed

as percentage of the signal strength returned by Gate 1 divided by the signal strength

returned by Gate 2. The stronger the signal returned from the bond line is, the stronger
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Figure 3.8: C-scan colour code depending on Gate1/Gate2 amplitude ratio

Figure 3.9: Schematic diagram of scanning pattern in x-z plane of bimetal sample

is the reflector and consequently weaker is the bond. Therefore the Gate1/Gate2 ratio

is higher for weaker bonds. Figure 3.8 shows the C-scan colour code that was used for

the received signal strength. Values of Gate1/Gate 2 ratio greater than 110% are coded

red, ratio between 90% to 110% yellow and ratio below 90% blue.

Figure 3.9 shows the probe scanning pattern on the x-z plane of the bimetal sample.

Only one probe was used for the pulse-echo inspection in the immersion tank. Scanning

the material is necessary in order to cover 100% volume of the material. This is re-

quired as the ultrasound pulse-echo technique is by nature limited to a one dimensional

measurement across the thickness normal to the plane surface of the bimetal sample.

Online experimental set up

The equipment for the online trials was the same as for the laboratory feasibility study

supplied by Physical Acoustics Ltd. (PAL) with a 25 MHz high resolution focussed

ultrasonic probe. The position of the probe in the online trial was between a rolling

mill exit accumulator and a coiler, where the strip movement is kept to a minimum
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Figure 3.10: Experimental setup for online testing: (a) system installed at a position
where the strip movement was kept to a minimum and access could be gained to the
steel side of the bimetal strip (b) probe and bubbler head

and the steel side could be accessed. Figure 3.10(a) shows the position where the

traversing scanning bridge and electronic inspection equipment was set up. Figure

3.10(b) shows the bubbler head, which repeatedly traversed over a 150 mm width of

the bimetal strip to scan the material. In order to avoid significant water carryover, a

bubbler head instead of an immersion tank for the water fluid coupling medium was

used during online trials. A pump in the water container reservoir forced a column of

water through the probe, which transmitted the ultrasonic signal to the steel underside

of the bimetal strip. During the trials, the line ran at a constant speed of about 12

m/min.

3.2.4 Guided waves using EMATs

Sample preparation

As outlined in Table 3.2, three samples were used for the EMAT feasibility study. Sam-

ple GW-R was manufactured under normal conditions and used as reference sample,

for which good bond was confirmed with the peel off test, as there was no clad Al peel

back. The artificially implanted delamination in the test samples were produced in the

shape of an isosceles triangle. The reason for the isosceles triangle shape is that a cyclic

behaviour of the received ultrasound signal strength in the through transmission mode
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Figure 3.11: Manufacturing of test samples with isosceles triangle shaped delamination
applying (a) 80g/m2 gauge paper and (b) ink as contaminant

was observed in a bond inspection application for three-layered brass/copper/brass

sheets, depending on the delamination width [72]. Contaminants to create the delami-

nation were 80g/m2 gauge paper in the GW-PT sample and ink in the GW-IT sample,

which created a clean and precise delamination area. This method does not affect the

adjacent bonded interface [102]. The size of the delamination in the shape of an isosce-

les triangle with two sides of equal length was approx. 500 mm height and 114 mm

width after CRB. The GW-PT sample had a clad Al peel back of more than 5 mm

that only ended due to fracture of the clad Al. This is a bond fail according to the

peel off procedure in section 1.2.1. Sample GW-IT peel back was about 1 mm, which

is weakened bond. The samples were 800 mm long and 171 mm wide and were made

of 0.53 mm thick clad Al and 1.22 mm thick steel sheets after 43% thickness reduction

during CRB.

Figure 3.11(a) shows the manufacturing of the GW-PT sample and Figure 3.11(b)

the GW-IT sample immediately before the clad Al and steel sheets entered the CRB

mill.

Experimental set up

Figure 3.12 shows the guided wave EMAT test setup. The probes shown in Figure

3.12(a) were arranged in the through transmission set up with one transmitter and
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Figure 3.12: Test setup (a) transmitter and receiver sensors arranged in through trans-
mission mode, (b) sensor set up on test sample

one receiver. Ultrasound was generated on the steel surface. The wave was reflected

at the steel and alloy boundaries and propagated along the plate. The samples were

clamped on a table as shown in Figure 3.12(b) to obtain a plain sample surface to

prevent sensor lift-off. The samples were scanned with the two sensors in a uniform

motion along the length of the sample. An Innerspec PowerBox H hand held, battery

operated instrument with embedded PowerUT H software was used to process the data

and display A-, B- and C-scans.

3.3 Results

3.3.1 Thermography

Figure 3.13(a) presents active thermography results obtained by inspection of the AT-

NL sample. The sample presents a high density of clearly visible small spots with a

diameter of few mm, which are likely delamination spots that weaken the bond and

reduce the transferable load. These delamination spots were caused by not linishing the

steel surface before CRB in the AT-NL sample and reducing the rolling reduction to

only 30% in the AT-RR sample. The darker area is the region that is well bonded, which

cooled faster because the heat could flow through the bond. Due to the small size of the

delamination spots, the area that was peel off tested comprised multiple delamination

spots at the same test sample. The AT-NL and AT-RR samples were peel back tested

before the thermography inspection. The peel back of the clad Al lining for the AT-

NL samples was 13 mm, and for the AT-RR sample 9 mm respectively, as shown in
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Figure 3.13: Small spots with a few mm diameter present on (a) AT-NL sample, (b) AT-
RR sample and (c) AT-RR sample with variation of analysis parameters that revealed
surface effects

Figure 3.14: Good parts without specific defect signature but reflections due to curved
surface

Figure 3.13. According to the procedure and acceptability ratings described in section

1.2.1, this is a fail test result. Figure 3.13(b) shows the results for the AT-RR sample

with the same analysis parameters like for AT-NL sample. In a direct comparison, the

AT-RR sample presents less, but still clearly visible heat spots. Figure 3.13(c) shows

thermography results with a variation of analysis parameters for the AT-RR sample,

which showed up additional defects on the surface. This is caused by the in-homogenous

surface due to indentations and scores. Although these surface defects can be countered

by adaption of the measurement set up, a continuous system adjustment for moving

strips is an issue and poses the risk to miss flaws.

Figure 3.14 shows the AT-R sample without the specific delamination defect struc-

ture that was observed on samples AT-NL and AT-RR. The AT-R sample was peel
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back tested and passed without peel back. However, it became apparent that the

samples have a challenging surface for inspection, which is illustrated in Figure 3.14.

The Al/Al-Sn/Al/steel bimetal sheets feature curvature that can result in reflections

depending on the orientation of the two flash lamps and the infrared camera relative

to the clad Al surface. The curvature of bimetal strips results from rolling, annealing

and coiling. All test samples that were placed horizontally on the measurement table

during inspection did exhibit an upwardly directed curvature. In Figure 3.14(a) the

normal scale and in Figure 3.14(b) the inverted scale was used for inspection.

3.3.2 Shearography

Figure 3.15 shows the fringe patterns of the S-R and S-SP samples that were tested.

Figure 3.15(a) is the fringe pattern of the S-R sample, which was tested with thermal

shock loading. As expected, the reference sample did not show any visible signs of

delamination. Figure 3.15(b) shows the fringe pattern of the S-SP sample under the

same thermal loading conditions. The delaminated area is clearly visible. It appeared

as if there were four definable, parallel delaminations within a clear common-defined

central 140x45 mm area through the centre of the sample where the 80 g/m2 gauge

paper was inserted. However, only one piece of 80 g/m2 gauge paper was inserted.

Figure 3.15(c) shows the fringe pattern of the S-R reference sample that was tested

under partial vacuum loading. Again as expected, the S-R sample did not show any

visible signs of delamination. Figure 3.15(d) is the fringe pattern of the S-SP sample

under partial vacuum loading, in which the common-defined central 140x45 mm area

through the centre of the sample where the 80g/m2 gauge paper was inserted is still

clearly visible, but the partial vacuum loading showed a less defined, interconnected

delamination area.

3.3.3 Ultrasound

In order to observe the influence of the three control factors sample bond surface prepa-

ration, interval between c-scan tests and coupling medium temperature, different levels

of these factors were tested. Table 3.3 summarises the c-scan inspection parameters.
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Figure 3.15: Image results for thermal testing: (a) normal bond conditions, (b) delam-
ination, results for vacuum testing: (c) normal bond conditions, (d) delamination

Table 3.3: Levels of ultrasound testing factors

The bond surface preparation and temperature factors had two levels and the interval

between the tests had three levels. A two-way analysis of variance (ANOVA) was done

for the two different categorical independent variable combinations surface preparation

and interval as well as surface preparation and temperature to examine the influence

on the dependent variable ultrasound signal amplitude.

Influence of time interval between consecutive c-scans

Figure 3.16 illustrates maps of the reflected amplitude ratio and its variation across

the surface for various samples. This was done to test the time control factor on the

c-scan ratio and it became evident that there is a variation in the amplitude ratio with
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Figure 3.16: 3 consecutive tests with non-brushed / brushed samples showing a visible
difference in the percentage of red, yellow and blue pixels

time. Three consecutive tests repeated in a 24h interval for three brushed and non-

brushed samples were done. The water temperature was kept constant at 20◦C during

all three days with no alterations to the system. At each time interval, the brushed

samples could be clearly differentiated from the non-brushed samples. After 24h, the

brushed samples showed significantly more yellow pixels than red pixels compared to

the non-brushed samples. After 48h, the brushed samples showed significantly more

blue and less red and yellow pixels than the non-brushed samples. After 72h, the

brushed samples showed significantly more blue and almost no red pixels, compared to

the non-brushed samples. If the non-brushed samples after 48h or 72h were compared

to the brushed samples after 24h, then the non-brushed samples would appear to have

better bond.

Table 3.4 summarises the statistical analysis of the measurement data. The null

hypothesis states that the response means that the main effects of surface preparation

and exposure time and their interaction are equal. A significance level of 5% was

considered. The p-value for surface preparation for the percentage of red pixels for poor

bond and blue pixels for good bond is 0, which indicates that the surface preparation

is associated with the bond strength. The p-value for the time interval between the

tests is also 0, indicating that also the interval between the tests is associated with

the measured bond strength. Both effects are statistically significant. This confirms

that if the samples, for which the Al/Al-Sn/Al alloy surface was not brushed before

bonding, at the 72h interval are compared to the brushed samples at the 24h interval,
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Table 3.4: P-values for two-way ANOVA of surface preparation and exposure time
effect

the bond quality of the non-brushed samples appears to be better than the brushed

samples, although the samples did not physically change. Since the interaction effect

between surface preparation and interval is statistically significant, the bond cannot be

inspected without considering the interaction effect. It was found that the reason for

amplitude variation over time was caused by the water quality. As in serial production

inspection conditions it is not practical to consider the interval between tests, the water

quality would have to be controlled.

Temperature influence on c-scan amplitude ratio

In order to test the effect of the water temperature control factor on the c-scan ra-

tio, an extra colour band was introduced to better differentiate between the echo for

brushed and non-brushed material. Values of Gate1/Gate 2 ratio greater than 110% are

coded red, ratio between 100% to 110% yellow, between 90% to 100% green and ratio

below 90% as blue. Figure 3.17 shows the reflected amplitude ratio map for the non-

brushed and brushed samples at 20◦C and 23◦C. At 20◦C the samples can be clearly

differentiated, as the non-brushed sample shows significantly more red pixels and the

brushed sample shows more blue pixels. When the temperature was increased to 23◦C,

this significantly affected the received signal and it could not be differentiated between

brushed and non-brushed samples anymore. If the non-brushed sample at 23◦C were

compared to the brushed sample at 20◦C, then the non-brushed sample would appear

to have better bond.

Table 3.5 summarises the statistical analysis of the measurement data for the tem-

perature influence test. The null hypothesis states that the response means for the main

effects surface preparation and water temperature in the tank and their interaction are

equal. A significance level of 5% was considered. The surface preparation p-values for
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Figure 3.17: Effect of increasing the water fluid coupling temperature from 20◦C to
23◦C for non-brushed and brushed samples

the percentage of red, yellow, green and blue pixels were below 0.05, which indicates

that the surface preparation is associated with the bond strength. The time interval

p-values for the percentage of yellow and green area is below 0.05, indicating that also

the coupling medium temperature is associated with the ultrasound signal. However,

for the percentage of red and blue pixels there is no statistical evidence to substantiate

this. This could be due to the chosen range of the buckets, which determines if the

received Gate1/Gate 2 amplitude ratio falls either into the category good, weak or

unacceptable bond. More trials would be necessary to determine the correct bucket

size and back up that they match up with the peel off test results. If the non-brushed

sample results at 23◦C are compared to the brushed sample results at 20◦C, then the

bond quality of the non-brushed samples appears to be better than for the brushed

samples, although the samples did not physically change. Since the interaction effect

between surface preparation and temperature is statistically significant, independent

of the chosen buckets, the bond cannot be inspected without controlling the coupling

medium temperature, which is a challenge considering online inspection in a produc-

tion environment with environmental influence on the temperature as well as a wide

temperature range of the strips itself.
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Table 3.5: P-values for two-way ANOVA of surface preparation and temperature effect

Figure 3.18: Samples of variable bond quality (a), (b) and (d) passed the peel off test,
(c), (e) and (f) failed the peel off test

C-scan amplitude ratio for samples without known reason for weakened

bond

Samples were taken from serial production that had poor bond, which was detected

in the production peel off test. For these samples it was not possible to identify what

caused the poor bond. The reflected amplitude ratio map for these samples is shown in

Figure 3.18. All measurements were done at 20◦C and without delay between each test.

Figure 3.18(a), (b) and (d) show amplitude ratio maps of samples that passed the peel

off test. Figure 3.18(c), (e) and (f) are samples that failed the peel off test. It appears

that samples that failed the peel off test have less blue pixels and are predominantly

yellow and red indicating a poor bond. Samples that passed the peel off test tend to

have more blue pixels indicating a better bond. However, the difference of the reflected

amplitude ratio map is too low to differentiate between the samples unambiguously.

Table 3.6 shows the statistical analysis of the measurement data, which substan-

tiates the qualitative results, that the samples cannot be differentiated based on the

amplitude ratio map. A one-way ANOVA was done to compare the percentage of red,
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Table 3.6: P-values for one-way ANOVA of peel off test result

yellow and blue pixels on the amplitude ratio map for the production samples. The

p-value for the percentage of red, yellow and blue pixels is more than 0.05. This result

indicates that the received ultrasound signal for the different samples is not statisti-

cally significant. The production samples that failed the bond peel off test cannot be

differentiated from samples with good bond with the pulse-echo ultrasound inspection

technique.

3.3.4 Guided waves using EMATs

Figure 3.19 shows the obtained A-scans that were plotted along the sample scan. For

sample GW-R, the received signal amplitude in Figure 18(a) has only minor variations

along the scan. The drop at the end of the scan is where the bimetal sample ended.

Figure 18(b) shows the A-scan trace for the GW-PT sample. The amplitude has a

periodic oscillation. Despite the oscillation, the maximum amplitude of the artificial

delamination is significantly below the amplitude for normal bond condition. Figure

18(c) shows the A-scan trace of the GW-IT sample, which has the same characteristics

like the GW-PT sample. The test results show that the selected guided wave mode is

sensitive to detect delamination in Al/Al-Sn/Al/steel bimetal strips.

3.4 Discussion

The advantages and limitations of the four NDT techniques tested are summarised

in Tables 3.7 to 3.10. Active thermography did detect the artificially implanted poor

bond areas. The thermal image showed unambiguously small spots of delaminated

areas. Active thermography could likely keep up with the desired online inspection

speed of 12 m/min, since a large area is inspected at the same time. The Al/Al-

Sn/Al/steel bimetal samples had a reflective surface, which turned out to be a challenge

for active thermography inspection. It is likely that reflections, oil and/or indents that
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Figure 3.19: Sample A-scan traces of (a) control sample, (b) 80g/m2 gauge paper
delamination sample and (c) ink delamination sample

are not affecting the bond, but are present on strips in serial production, can cause

local variations in surface emissivity, which can be misinterpreted as defects. The

major limitation for active thermography to be used for online inspection is that the

data acquisition of thermography needs to be consistent with the speed of the material

loading method, which is challenging considering the varying strip tension, vibration

and inspection line speed. Furthermore it is a challenge to reduce the temperature

environmental influence in a rough production environment for continuous production,

which would be required for online inspection.

Thermal and vacuum shearography testing did clearly detect the artificially im-

planted delamination. The samples with the artificial flaw showed a clear area of

delamination through the centre of the sample and the reference sample showed no

visible sign of defects. The surface irregularities of Al/Al-Sn/Al/steel bimetal strips

were no issue for inspection with the shearography technique. The maximum inspec-

tion area of the used Q-800 system can reach up to 1.2 m2 within 20 seconds, which is
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Table 3.7: Advantages and limitations of active thermography bond inspection of
Al/Al-Sn/Al/steel bimetal strips

Table 3.8: Advantages and limitations of shearography bond inspection of Al/Al-
Sn/Al/steel bimetal strips

equivalent to 12 m/min for 0.3 m wide strips. Therefore the maximum inspection speed

matches the desired inspection line speed. The major drawback of shearography is the

limitation of tolerance to rigid-body motion. This limitation requires loading methods

such as thermal or vacuum technique that were used in the laboratory feasibility study.

These loading methods are working well under laboratory conditions and for small

samples, but their applicability is limited for online inspection due to the varying strip

tension and vibrations. This aspect limits the applicability of shearography for the

online inspection of Al/Al-Sn/Al/steel bimetal strips, because the movement causes

de-correlation of speckle patterns and deterioration of fringe visibility and therefore

make flaw detection difficult.

Ultrasound testing is a well-established NDT technique in industry for composite

materials and it has been shown that the technique can detect poor bond that is created

by not brushing the clad Al before CRB. However, serial production samples that failed

the peel off test due to an unknown root cause were not detected. There are practical

limitations since the temperature and water quality have to be controlled, because these

factors have a significant influence on the measurement result. The same equipment
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Table 3.9: Advantages and limitations of ultrasound A-scan trace bond inspection of
Al/Al-Sn/Al/steel bimetal strips

from the laboratory tests was used for online trials to determine the online suitability.

During the trials, a series of practical handling issues were encountered. The required

water fluid coupling medium was significantly carried over into the bimetal coil, which

causes corrosion. Furthermore, the strip shape deviations cause difficulties to focus

the probe on the bond line whilst strips are moving. The received ultrasound signal

variation with water temperature and quality that was observed in laboratory tests was

also observed in the online tests. In regards to 100% volumetric material inspection, a

computer controlled scanner can maximise inspection speed and minimise human inter-

vention, hence automation is possible, but scanning of the entire material is too slow for

0.3 m wide strips to keep up with a typical inspection line speed of about 12 m/min.

Furthermore ultrasound requires time consuming and costly calibration, because for

each alloy type and lining/steel thickness combination of bimetal strips, a calibration

sample is required, as the ultrasonic wave propagates differently. In summary, although

ultrasonic testing did detect poor bond that was artificially implanted under labora-

tory conditions, there are many practical issues that obstruct the application of this

technique for online inspection of Al/Al-Sn/Al/steel bimetal strips.

Guided waves EMAT is an emerging NDT technique in industry [103] and the non-

contact ultrasound generation is the major advantage over conventional ultrasound

testing. Based on the set of criteria to be suitable for online inspection and in a direct

comparison between all tested NDT techniques, the EMAT technology using guided

waves is the most promising technique for inspection of the bond between clad Al and
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Table 3.10: Advantages and limitations of guided waves using EMAT bond inspection
of Al/Al-Sn/Al/steel bimetal strips

Table 3.11: Feasibility of NDT techniques to fulfil online inspection requirements for
Al/Al-Sn/Al/steel bimetal

steel. It uses the advantages of ultrasound testing and overcomes its weaknesses as

it does not require a coupling medium or scanning of the material. In an application

for inspection of material used for coin dollars, a scanning speed of up to 360 m/min

for 0.3 m wide strips was reported [72], which is faster than the 12 m/min online in-

spection speed requirement for Al/Al-Sn/Al/steel bimetal strips. Scanning as required

for conventional ultrasound methods is eliminated because for guided waves, the two-

dimensional scan is reduced to a one-dimensional scan, which allows 100% volumetric

inspection at high speed. Furthermore, EMATs work at elevated temperatures and

are insensitive to misalignment [87]. A disadvantage of EMAT is that it requires time

consuming and costly calibration similar to ultrasound testing.

During the laboratory test it was established that in addition to detect the delam-

ination itself, the potential technique needs to be able to cope with specular and matt
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strip surface, thin oil films up to 5.4 g/m2 and samples that have surface irregularities

such as small indents or scratches. During the installation of the ultrasound inspection

equipment for the online tests, the following requirements for online strip inspection

were established:

• 100% of the material volume must be inspected at room temperature at an in-

spection speed of up to 12 m/min for strips with a cross section of up to 4.25x300

mm

• The technique must be able to operate with constantly changing strip tension,

which results in vibration and sudden strong movements

• Automation of the inspection and defect detection is required

• Handling of the equipment must be appropriate in such a way that machine

operators can unmistakably distinguish between good and bad material

• High technical availability of the machine and availability of spare parts

• Strip shape deviations that are observed in the Al/Al-Sn/Al/steel production

that make inspection challenging are coil set, cross bow, torsion, wavy edges,

one-sided wavy edges, coil breaks and central buckles. The NDT technique must

be able to cope with these shape deviations.

Table 3.11 summarises the suitability of the tested NDT techniques for online inspec-

tion, based on the established requirements. Among the four tested NDT techniques,

EMAT is most suited for online inspection of Al/Al-Sn/Al/steel bimetal strips. The

demonstrated measuring sensitivity is adequate for the typical delamination sizes that

are expected in Al/Al-Sn/Al/steel bimetal strips. Studies report good repeatability

and reproducibility as well as the high inspection speed for 100% volumetric material

inspection [72]. Since no coupling medium is required, guided waves generated with

EMATs is a suitable technique for online NDT of Al/Al-Sn/Al/steel bimetal strips.
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3.5 Conclusions

A case study of thermography, shearography, ultrasound and guided wave EMAT test-

ing of the bond integrity of Al/Al-Sn/Al/steel bimetal strips is given in this chapter.

In order to test the feasibility of these techniques to detect delamination, a number of

laboratory experiments were done with samples that had different artificially implanted

flaws. It was demonstrated that each NDT technique is capable to detect delamination

between clad Al and steel layers under laboratory conditions, but has specific advan-

tages and limitations. The limitations are particularly relevant in regards to online

inspection, in which a NDT technique needs to meet more requirements compared to

inspecting the bond under laboratory conditions. Active thermography and shearog-

raphy are both practical enough for inspection under laboratory conditions, but the

key issues that prevent an online application are the excitation methods and the envi-

ronmental influences in the harsh serial production environment, which are not suited

for these inspection techniques. Ultrasound testing is well established in industry to

inspect the bond of laminates, but these applications are usually for components which

are either inspected only point by point, or when it is acceptable that scanning the

complete component is time consuming. Due to the one-dimensional beam and the

scanning requirement, the technique is too slow for an online application at elevated

speed. Furthermore there are practical issues associated with the requirement for a cou-

pling medium. Guided waves inspection using EMATs was identified as a promising

technique for online NDT of Al/Al-Sn/Al/steel bimetal strips. EMAT has all advan-

tages of ultrasound testing without the limitations that are caused by the conventional

ultrasound coupling medium requirement. However, no EMAT inspection system for

Al/Al-Sn/Al/steel bimetal strips is currently commercially available.
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Chapter 4

Guided waves generated with

EMATs theory

Defects in bimetal strips can be detected using guided waves generated with EMATs.

In guided waves EMAT technology, an EMAT transducer generates ultrasonic guided

waves that propagate through the lining as well as steel backing material. Another

EMAT probe is positioned at the opposite side of the strip to receive the guided waves

ultrasound signal. In case of Al/Al-Sn/Al/steel bimteal, the transducers were posi-

tioned at the steel side. The empirical relationship between bond defects and guided

waves in the experiments in this study was that when guided waves encounter a bond de-

fect, the defect causes either mode conversion or destructive interference which converts

incident wave energy into radiation energy in all directions, which results in dispersion.

The remaining wave energy that propagates to the receiving EMAT transducer de-

creases, which is measured and shown as a lower signal amplitude in the A-scan. In

this chapter, the theoretical considerations for the development of the NDT technique

are introduced.
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Figure 4.1: Symmetric and anti-symmetric Lamb wave modes [104]

4.1 Guided waves propagation

Fundamentals of Lamb wave

Lamb waves consist of a superposition of longitudunal and shear modes. They exist in

thin plates. The entry angle, excitation and structural material geometry determine

their propagation characteristics [104]. Figure 4.1 illustrates the symmetric and anti-

symmetric Lamb modes that exist.

Equations 4.1 for symmetric modes and Equation 4.2 for anti-symmetric modes

correlate the propagating velocity and its frequency, in which h, k, cL, cT , cP and ω are

the plate thickness, wave number, velocities of longitudinal and transverse modes, phase

velocity and wave circular frequency [105]. Lamb wave velocity depends on frequency

regardless of the mode.

qh

ph
= − 4k2qp

(k2 − q2)2
(4.1)
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Figure 4.2: Shear horizontal (SH) mode in multilayered sheets [110]

qh

ph
= −(k2 − q2)2

4k2qp
(4.2)

p2 =
ω2

c2L
− k2, q2 =

ω2

c2T
− k2 and k = ω/cp

Another wave mode that is used in some plate inspection applications [106, 107],

namely the shear horizontal (SH) mode, is employed together with Lamb modes. The

SH mode has a transverse shear motion, which is different from normal shear waves that

have a vertical shear motion. Figure 4.2 illustrates the transverse shear motion of the SH

mode perpendicular to the plane of wave travel. This mode was first discovered between

layers of laminate by Love in 1911 [104] and was later confirmed by experimental

work [108] and finite element simulation [109].

Multilayered plates consisting of different materials have anisotropic properties

which add complex phenomena to wave propagation [104], like speed depending on

direction and difference between phase and group velocities. Lamb waves in an N-

layered composite laminate can be described with its displacement field u and satisfy-

ing Navier’s displacement equations (4.3) where ρi is the density and λi, µi are Lame

constants for the i -th layer [110].

µn∇2un + (λn + µn)∇(∇ · un) = ρn
δ2un

δt2
(n = 1, 2, ..., N) (4.3)

Dispersion, meaning attenuation in magnitude, variation in propagating velocity

and change in wave number is commonly observed in Lamb waves. Additionally, surface
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coatings may cause significant damping and consequently attenuation [111]. Despite

dispersion, Lamb waves are able to propagate relatively long distances [104]. Adding

boundary conditions at N - 1 interfaces and free surfaces to Equation 4.3, results in

a comprehensive dispersion equation 4.4 [110]. For any given material (λn, µn), the

Lamb wave frequency (ω) is related to the wave number (k) and plate geometry (hn).

The dispersive curves of Lamb modes are indefinite according to the implicit expression

of the dispersion equation with infinite roots. This leads to specific challenges when

employing Lamb waves for damage identification [104]. These challenges are further

discussed in the following sections.

| A(ω, k, λn, µn, hn) |= 0 (4.4)

4.2 Analysis and simulation of Lamb waves

The complexity of Lamb waves in real world applications is well known. Numerical

simulation helps to understand these complex Lamb wave behaviours. Recent advance-

ments are to not only simulate dispersion curves, but also the Lamb wave propagation

inside the plate itself. This allows to obtain the induced Lamb wave signals from the

actuators, their interactions with defects and the resulting signals at the receiving sen-

sors. The FEM is the most robust numerical simulation tool for this purpose [112].

The disadvantage of FEM simulations is that even with today’s computers, still a lot

of computational resources are required [113]. For the reduction of the model size,

symmetrical boundary conditions between the layers have been introduced. In order

to remove the complexity of wave reflections from actuator simulations, infinite bound-

aries are needed, which requires special types of elements [112]. The simulation of Lamb

wave problems can be categorised into three main subject areas [104]:

1. Calculation of dispersion curves

2. Lamb wave interaction with irregularities

3. Simulation of actuator/sensor coupled systems
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Figure 4.3: Composite laminate dispersion curves obtained by transfer matrix method
[115]

4.2.1 Analytical study of Lamb wave characteristics

Dispersion curves for composite plates can be calculated in two different theoretical

approaches, the exact solution approaches and approximate solution approaches [114].

The most important tools for exact dispersion curve analysis are the transfer matrix

approach (Thomson-Haskell method) and global matrix approach [115]. For any given

frequency, infinite wavenumbers exist that mathematically satisfy Equations 4.1, 4.2

and 4.4 which are obtained by an iterative root-finding method (like Newton-Raphson),

in which the root loci of the equation are the dispersive curves of different modes [110].

In the transfer matrix method, it is assumed that four waves exist at each layer of

a multi-layered laminate, which all share the same frequency and spatial properties

at their interfaces [115]. Under this assumption, the intermediate interface equations

eliminate each other and the boundary condition is a relation between wave frequency

and wave number, which is established in the form of matrices. Solving the matrices

results in the set of dispersion curves [115].

Figure 4.3 illustrates a set of dispersion curves for a composite laminate that was
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obtained using the transfer matrix method. The disadvantage of this method is is that

it gets ill-conditioned and unstable, if the plate thickness (d) is large and the frequency

(f ) is high, which is referred to as ’large fd problem’. The global matrix method directly

addresses this disadvantage by directly assembling a single matrix to seek for root loci.

As a result, the method is numerically robust for any range of fd values. However,

it involves larger matrices and has a slower convergence. In regards to approximate

solutions, the guided waves dispersion curves can be obtained by FEM. Homogenised

material properties are used in anisotropic composite plates at each material layer. The

existing modelling approaches are [112] time domain modelling, mode shape of short

wave guides, Wave Finite Element (WFE) method and the Semi-Analytical Finite

Element (SAFE) method.

4.2.2 Lamb wave dispersion curves in SAFE

The SAFE method was used for analytically studying the propagation characteristics

of Lamb waves in this thesis. Among all FEM techniques, the SAFE approach is the

most efficient one [116]. In the SAFE approach, the wave propagation is described

analytically in the wave propagation direction and is therefore able to cope with high

frequency propagation. Furthermore, the small element size requirement in the FEM

analysis does not significantly affect the method [112]. Applying the theory for multi-

layered plates [117], the method calculates approximate solutions of plate dispersion

curves. A disadvantage of the SAFE method is that the necessary elements are not

readily available in commercial FEM packages and therefore need to be developed by

the user.

Phase and group velocity curves

The phase velocity curves can be calculated based on the relationship cp = w
k . The

wavenumber k is obtained by solving the eigenvalue problem that was described in the

previous chapter. The group velocity (wave packet velocity) can be obtained from the

relationship cg = dw

d
−→
k

, in which
−→
k is the wave propagation direction. The unit vector

in x direction is −→x , hence the wave vector for guided wave propagation in x direction
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Figure 4.4: SAFE and analytical dispersion curves comparison for aluminum plate: (a)
phase velocity, and (b) group velocity curves [112]

is
−→
k = k−→x [112]. The group velocity is given by Equation 4.5. The group velocity

curves in the SAFE method can be directly calculated from the SAFE method results,

while in Equation 4.5 the phase velocity curves need to be differentiated to obtain the

group velocity curves [118].

cg =
dw

d
−→
k

=
dw

d( w
cp

)
=

c2p

cp − w dcp
dw

=
c2p

cp − f dcp
df

(4.5)

Verification of dispersion curves

Lamb wave dispersion curves for an aluminium plate with Young’s modulus of 70 GPa,

Poisson’s ratio of 0.33 and density of 2700 kg/m2 were calculated in [112] using the

SAFE method and ten 1D quadratic elements to model the plate thickness. The results

were compared to the analytical solution from [119]. Both sets of velocity curves were

plotted in Figure 4.4. It shows that a good agreement between the SAFE and analytical

solution can be obtained.

In order to increase the accuracy of the SAFE method solution, either a higher

number of elements or higher order interpolation functions can be used [120]. Compar-

isons between different number of elements in SAFE for the first four modes A0, S0,

A1, and S1 and the analytical solution for the dispersion curves in the aluminium plate
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were made in [112]. It was shown that when the number of elements exceeds three,

then the SAFE dispersion curves match almost exactly the analytical solutions.

The so far discussed SAFE dispersion curves were for isotropic aluminium plates.

However, the Al/Al-Sn/Al/steel plates considered in this study are made of multi-

ple isotropic aluminium alloy and steel layers in an unsymmetrical arrangement. In

the following, the unsymmetrical material arrangement effect on dispersion curves is

discussed.

Ahmad (2011) considered 1 mm thick plates and two Young’s modules, E1 and E2,

where E1 = Ealuminum and E2 = 0.5Ealuminum. For both materials a Poisson’s ratio of

0.33 and a density of 2700 kg/m3 were used. Figure 4.5(a) shows an unsymmetrical

material arrangement with 40% thickness ratio between the top layer (E2) and bottom

layer (E1). Figure 4.5(b) illustrates an unsymmetrical material arrangement with the

same material properties as in Figure 4.5(a), but a 10% thickness ratio between the

top and bottom layer. It can be seen in Figure 4.5(a) that the first and second mode in

the dispersion curves separate as a result of the unsymmetrical material arrangement,

which was marked by the red circle. When comparing this to the case with unsym-

metrical arrangement and 10% thickness ratio, it can be seen that the effects on the

dispersion curves are small, if the top layer is less than 40% of the plate thickness. In

plates with unsymmetric material properties, the symmetric and anti-symmetric Lamb

modes cannot be differentiated, hence both modes exist at the same time. The Al/Al-

Sn/Al/steel bimetal plates that are considered in this study have a typical thickness

ratio of 25% for the lining clad Al layer. Thus, based on the reviewed literature, it is

expected that Lamb modes are quasi symmetrical and quasi anti-symmetrical and that

the first and the second mode are slightly separated.

4.2.3 Lamb mode selection

The ideal Lamb mode for inspection should have the following properties: (1) non-

dispersive, (2) low attenuation, (3) high sensitivity, (4) easy excitability, (5) good de-

tectability and (6) tool-less selectivity [121]. It was found in various applications with

different modes and frequencies in thick and thin plates that using a narrow bandwidth
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Figure 4.5: SAFE and analytical phase velocity dispersion curves for comparison be-
tween isotropic aluminum plate and unsymmetrical material arrangement with (a) 40%
and (b) 10% thickness ratio between the layers with different Young’s modulus [112]
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input signal effectively prevents wave dispersal. Therefore windowed toneburst instead

of pulse is often employed as Lamb signal for inspection. The available frequency range

[f min, f max] can be calculated by Equation 4.6, where the toneburst cycle number is n,

excitation frequency is f 0 and k is a bandwidth depending constant [121]:

fmin = f0(1− k/n)fmax = f0(1 + k/n) (4.6)

As per Equation 4.6, increasing the number of cycles reduces the bandwidth, causing

less dispersion. However, when a large cycle number is used for a small inspection

sample, different wave components like incident and reflected waves can overlap. An

alternative approach to determine the most suitable cycle number and frequency for a

Lamb mode is the minimum resolvable distance (MRD) approach [122], in which l and

d are wave propagation distance and plate thickness; v0, vmin and vmax are the input

wave-packet group velocity at central frequency, minimum and maximum velocities in

the wave-packet to travel through the distance of l ; and T initial is the wave-packet

initial time duration [122].

MRD =
v0
d

[l(
1

vmin
− 1

vmax
) + T initial]|min (4.7)

In general it was observed that the smaller the MRD value is, the more suitable

is the frequency and cycle number and therefore the better is the resolution. It was

found [122] that S 0 and A0 typically have very low MRD values. Furthermore, it

was found that S 0 has reasonable defects sensitivity anywhere throughout the sample

thickness. In contrary, A0 is more sensitive to surface cracks or corrosion, but at the

same time has higher attenuation ratio and therefore may not be suitable for long-

distance propagation and inspection.

Other research [123] proposed as best frequency selection technique to consider the

maximum response amplitude for a range of potential frequencies depending on different

sample structures and damage types. This is the approach that was used in this thesis.

Regarding waveform selection, pure sinusodial shapes excite Lamb wave harmonics

more efficiently than parabolic shapes and the bandwidth can be narrowed and energy
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centralised with a windowed sinusodial signal [123]. It was also found [124, 125] that

modes are most effective to identify defect types, if the existence of a defect causes a

higher stress level for a specific wave mode than others. Defects that cause a change in

interface stiffness, are best found using wave modes which produce a large shear stress

at the interface defect position [124,125].

In practice, the basic symmetric mode (S 0) and anti-symmetric mode (A0) are

mostly employed for inspection. In various studies [126–130] it was reported that A0 is

highly effective for delamination and transverse ply crack inspection. A0 has a shorter

wavelength, which is required to detect smaller defects. S 0 is the preferred mode in the

majority of studies [106]. Lamb waves interact with damages, actuators and sensors.

4.3 SAFE-FE coupling for defect and edge reflection

Lamb wave reflection and transmission by damage strongly depends on the Lamb wave

frequency and the defect size [131]. There exist two-dimensional and more complex

three-dimensional FEM models to simulate the Lamb wave scattering characteristics

[104]. It was shown in a 2D FEM model with absorbing boundary conditions [132]

that when waves interact with delamination, then the incident wave energy is partially

converted to radiate energy in all directions and surface waves can occur around the

cavity. Furthermore, complex mode conversion can occur when guided waves interact

with defects. Various studies [133,134] showed that at fine FEM mesh with at least 10

nodes per Lamb wavelength are required for good precision. However, such a fine mesh

quickly requires to much computational power for large structures.

The coupled SAFE-FE method [135] can be used to study how defects in the plate

influence the Lamb wave reflection and transmission. In this technique, the defective

plate region is modelled in FEM, while the SAFE technique is used to model the infinite

plate regions before and after the defects. Ahmed (2011) described how continuity of

displacements between the SAFE and FE region is preserved by considering the same

interpolation functions and number of nodes at the boundary between the two regions,

as well as how to best verify the obtained results.
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Figure 4.6: Coupling between SAFE-FE for Al/Al-Sn/Al/steel bimetal sheet at a de-
fective position on the plate

Figure 4.6 illustrates how the region with a delamination defect is modelled using

the FEM, while the SAFE method is used to model the infinite plate regions before

and after the defect. The regions A, B and C denote the infinite plate region before the

defective region, the defective region, and the infinite plate after the defective region.

B1 indicates the boundary between regions A and B and B2 between B and C. In region

A, in which x ≥ x1, the Lamb waves are reflected due to the defect. In region B, where

x ≤ x2, the Lamb waves are transmitted [112].

In addition to interaction with damages, Lamb waves reflect at the plate edges.

The different cases are reflection by a vertical plate edge and general plate edges. The

different boundary conditions are either fully free or fully fixed edges. The boundary

conditions of the vertical plate edge problem can be defined easily in the SAFE method,

as the condition is homogeneous for all points along the plate edge. For general plate

edge geometries, the conditions at the edge need to be formulated in the FEM that is

coupled with the SAFE method.
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Figure 4.7: Interaction between EMAT transducer and bimetal sample

4.4 EMAT as guided waves ultrasonic generators and sen-

sors

Any force that can be decomposed into point forces is considered in the force response

analysis in the FEM and SAFE method. Approaches which model general 2D external

forces acting on a plate are described in a 2D point force response simulation in [136].

There are a variety of means to actively excite and collect Lamb waves in plates. Su et

al. (2006) grouped them into the five categories ultrasonic probes, lasers, piezoelectric

elements, interdigital transducers and optical fibres. Non-contact EMATs that are used

in this study belong to the ultrasonic probes category.

Figure 4.7 is a schematic of the EMAT transducer that was used in this study and

its interaction with the bimetallic sample. The transmitting and receiving transducers

each have a magnet in the housing and a meander coil over the magnetic pole. Above

the magnetic pole, the magnetic field (B) is mainly in the X2 direction. Eddy currents

(J) are induced by the meander coil in the X1 direction. The Lorentz force (f) acts

on particles and creates ultrasound in the sample. It is the result of the interaction

between the magnetic field (B) and eddy currents (J), which is given by Equation 4.8:

f = JxB (4.8)

Since the current sent along the meander coil is periodically distributed, the corre-

sponding eddy currents in the steel surface of the bimetallic sample generate periodically

distributed loading. When the guided wave propagates above the receiving EMAT, the
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horizontally polarized stress field that it produces interacts with the magnetic field,

thus generating currents in the meander coil, which is placed between the bimetallic

sheet and the magnet.

4.5 Lamb wave signal processing and feature extraction

to find internal defects

The recorded Lamb wave signals must be interpreted to find defects that are buried

below the strip surface. Under the harsh manufacturing conditions, extraction of key

features is challenging due to signal contamination from noise, natural structural vi-

bration, existence of multiple wave modes and bulkiness of the inspection data. In

the following section, the feature extraction technique that was used in this study is

introduced.

Guided waves can be reflected at the edges of the bimetal. In order to avoid super-

position of guided wave signals, the EMAT transmitter and receiver are oriented slightly

angled as can be seen in the plan view in Figure 4.8. For bimetal strips without bond

defect along the Al/Al-Sn/Al alloy and steel interface, guided waves propagate without

interference from the EMAT transmitter to the receiver as shown in Figure 4.8(a). The

system sensitivity depends on the defect size. Figure 4.8(b) illustrates when the delam-

ination is larger than the guided wave length, the defect causes destructive interference

that results in attenuation, which reduces the remaining wave energy that propagates

to the receiving EMAT transducer. The system is optimally sensitive when the EMAT

meander coil is approximately parallel to the defect. Figure 4.8(c) illustrates a foreign

particle at the bond interface, which is perpendicular to the EMAT meander coil. Since

the size of the particle that is acting as reflector is minimal in this orientation, the re-

flected wave energy and attenuation is small. Therefore it is not easily distinguishable

from background noise in defect free bimetal and might be difficult to detect. However,

if the same foreign particle is oriented parallel to the EMAT meander coil, then the

reflector area is large, which results in strong attenuation. This case when the system

is optimally sensitive is shown in Figure 4.8(d). Ideally the machine would have an
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Figure 4.8: Plan view of guided waves between EMAT transmitter and receiver, where
(a) the bond interface between Al/Al-Sn/Al alloy and steel is without defect resulting
in normal attenuation and reference A-scan amplitude, (b) delamination at the bond
interface interfering with the guided waves sound path and resulting in attenuation and
A-scan amplitude reduction, (c) foreign particles at the bond interface perpendicular
to the EMAT coil that interact with the guided waves but may not be easily detectable
because the attenuation in the A-scan amplitude is only moderate, (d) foreign parti-
cles parallel to the EMAT coil that should be easily detectable because of significant
attenuation and A-scan amplitude reduction.
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Figure 4.9: Cross section view of Al/Al-Sn/Al/steel bimetal and guided waves, where
(a) the bond interface is without defect resulting in normal attenuation and reference
A-scan amplitude, (b) delamination at the bond interface interfering with the guided
waves sound path and resulting in attenuation.
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Figure 4.10: Illustration of A-scan maximum amplitude trace, where (a) the bond
interface between Al/Al-Sn/Al alloy and steel is without defect resulting in normal
attenuation and reference A-scan maximum amplitude trace, (b) small delamination
at the bond interface during inspection interfering with the guided waves sound path
and resulting in significant attenuation and low A-scan amplitude for the length of
the defect, (b) large delamination at the bond interface resulting in drop of A-scan
maximum amplitude trace for the length of the defect.
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EMAT array, in which transverse as well as longitudinal defects could be found. The

EMAT meander coil and sound path in this system is oriented diagonal across the strip

width to allow 100% volumetric inspection. Sensor arrangement considerations for the

final system are further discussed in section 9.2.

Figure 4.9 shows the relative distance between the EMAT transmitter and receiver

in a bimetal cross section view. In Figure 4.9(a) the sound path of the Lamb wave is

not obstructed by any defect. The time of flight of the Lamb wave can be calculated

by t = d/v, where t is time, d is distance between EMAT transducr and receiver, and

v is the Lamb wave velocity. The inspection gate is set at the observed Lamb wave

arrival time for the defect free sample. Figure 4.9(b) illustrates delamination between

the Al/Al-Sn/Al alloy and steel layers, which is obstructing the sound path of the Lamb

wave between EMAT transmitter and receiver. Depending on the employed wave mode,

attenuation and/or mode conversion occurs when the guided wave interacts with the

defect. As a result, the maximum amplitude in the set inspection gate drops and in case

of mode conversion arrives earlier or later than the inspection gate, which qualitatively

indicates the presence of a defect. Figure 4.9(b) shows attenuation due to destructive

interference as a result of the guided wave interaction with delamination that acts as

reflector. The amplitude ratio between a reference and defective sample signal, defined

as R/D amplitude ratio (RDR) in this thesis, is the ratio of the wanted signal from

a defect-free signal relative to the signal received at the same TOF from a defective

sample. Figure 4.9 shows the amplitudes that were used to calculate the RDR, which

is used to extract features and find internal defects in this thesis. In order to reduce

signal noise, signal frequency band width filters were used to filter only the wave mode

of interest for inspection. This is further explained in the next section.

Figure 4.10 illustrates A-scan maximum amplitude traces that are used to inspect

full length coils. Each trace is the maximum amplitude from the inspection time filter

that is set in the A-scan and plots it relative to the position of the inspected bimetal

strip. The A-scan maximum amplitude trace in Figure 4.10(a) is for a bimetal coil

without defect at the interface between Al/Al-Sn/Al/steel and therefore the maximum

amplitude is relatively stable at about 100% relative amplitude. In case of a delami-
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Figure 4.11: Time domain signals at receiver location: A-scans showing transmitted
frequency response of good and defective samples: (a)/(e) no frequency band width
filtering, (b)/(f) +/- 0.3 MHz, (c)/(g) +/- 0.2 MHz and (d)/(h) +/- 0.1 Mhz frequency
band width filtering around set wave mode frequency

nation at the bond line, the A-scan maximum amplitude drops at the beginning of the

defect and then returns again to 100% relative amplitude. At 60% relative amplitude a

dashed line marks an arbitrary alarm threshold. The length of bimetal strips for which

the A-scan maximum amplitude traces is below a defined threshold, is categorised as

defective. Figure 4.10(c) shows that the A-scan maximum amplitude trace is recording

the defect size according to the physical size of the defect.
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4.6 Wave mode selection and system calibration

The methodology described below was used to select wave modes and to calibrate the

system before measurements were taken.

1. For calibration, two samples with identical dimensional and material character-

istics were used, one sample without defect and the other sample with known,

artificially implanted defect. In order to start calibration, the good quality sample

was used first.

2. The EMAT construction provides mode selectivity in the frequency domain, thus

the ability to precisely select the wave mode of interest. The wave modes were

selected from dispersion curves for Al/Al-Sn/Al/steel plates that were calculated

in the SAFE method.

3. Multiple modes are excited at a set frequency as explained in section 4.2. As the

different modes travel at different speeds, their signal is received at different times

and with different amplitude, which is shown in the measured time/amplitude

domain response in Figure 4.11. The different modes were identified based on

their time of arrival at the receiver and the velocity from the group velocity

curve.

4. In order to verify that the excited wave modes is the same as the wave mode in

the dispersion curves, the frequency was adjusted up and down from the set point

until the frequency with the maximum amplitude response was found.

5. Filters were used to filter only the wave mode of interest for inspection. Fig-

ure 4.11 shows how the time/amplitude domain response changes for (a)/(e) no

frequency band width filtering, (b)/(f) +/- 0.3 MHz, (c)/(g) +/- 0.2 MHz and

(d)/(h) +/- 0.1 Mhz frequency band width filtering around the set wave mode

frequency.

6. Once the frequency maximum response amplitude was obtained and the frequency

band width filter was set, the gain (dB) was adjusted till the amplitude was as
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close as possible to 1 arbitrary unit (AU) or 100%. This amplitude is referred to

as good quality, reference or normal amplitude.

7. The set wave mode with normalised amplitude was then tested with the defective

sample regarding wave mode sensitivity. The more the amplitude for the defective

sample drops within the set inspection time gate, the better is the wave mode

suited for practical inspection.

8. If the set wave mode was not sensitive to the specific defect, then steps 3 to 7

were repeated until a wave mode with high defect sensitivity was found.

9. Steps 1 to 8 were repeated for every different sample structure and defect type.

Every selected wave mode and corresponding sample structure was systematically

recorded so that the same wave mode could be used again for future inspection.

4.7 Optimising the guided waves EMAT-EMAT system

There is a set of factors that influence the performance of the inspection machine. It is

a balancing act to consider all different factors to optimise the system as a whole and

obtain the best possible inspection data. The influencing factors, which were considered

to optimise the system are:

• The type of EMAT coil used and the dimensions of the coil to transmit and

receive Lamb waves (e.g. meander coil, number of coil turns, overall coil width,

magnetic field strength, wire diameter, gap between transducer and material).

• The type of EMAT amplifier that is used to convert the low-voltage electrical

signal into a high-power pulse train, which is required to drive the transmitting

EMAT and produce a good SNR.

• Remote electronics signal conditioning box that connects the EMAT sensors, tone

burst amplifier and Digital Input/Output (DIO) interface for signal conversion

and extraneous noise filtering from the ultrasonic waveform.
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• Material characteristics (density, Young’s modulus, Poison’s ratio) of the different

Al-Sn alloys as well as dimensional characteristics of the bimetal (lining thickness,

steel backing thickness, lining/steel ratio).

• Selection of wave mode (frequency, speed, dispersion).

• Practicalities concerning how to position the probe for inspection and for main-

tenance.

• Being able to save the data for later interpretation if required.

• Ability to mark the position of any defect on the strip.
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Chapter 5

Detection of bond defects in cold

roll bonded Al/Al-Sn/Al/steel

plates

In this chapter, multi-layered samples were produced with artificially implanted delam-

ination, embedded steel debris and a brittle intermetallic Al-Fe diffusion bond layer

defects at the interface between clad Al and steel. Experiments were done to determine

the sensitivity of the S1 guided wave mode to qualitatively indicate the presence of

defects based on signal attenuation caused by defects. EMATs were used to generate

and detect the guided waves in the pitch and catch technique. Signals were measured

in the as rolled and post rolling annealed state to determine the influence of the al-

tered material properties on attenuation and RDR. Results show good sensitivity of

the S1 wave mode for delamination and embedded steel debris detection and a relation

between attenuation, defect type, size and annealing state. However, detection of the

presence of the brittle intermetallic Al-Fe diffusion layer was not possible due to the

sensitivity to the clad Al and steel thickness relative to the thin intermediate bond

layer thickness and their similar material properties. Micro sections of all samples were

examined to explain the observations. The results suggest a promising use of the S1

Lamb guided wave mode for online detection of bond defects in serial production of

Al/Al-Sn/Al/steel bimetal strips. The content of this chapter is based on the First
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Table 5.1: Material properties and dimensions of four-layered Al/Al-Sn/Al/steel plate
for wave propagation analysis

World Congress on Condition Monitoring conference publication Detection of bond de-

fects in cold roll bonded Al/Al-Sn/Al/steel sheets using Lamb type guided wave EMATs

(Tallafuss et al., 2017).

5.1 Experimental procedure

5.1.1 Wave propagation analysis

The objective of wave propagation analysis is to understand which wave mode at which

frequency and wavelength can be efficiently excited in Al/Al-Sn/Al/steel bimetal plates

and what their propagation characteristics (dispersion, phase and group velocity) are.

The dispersion curves provide the propagation properties for each different wave mode.

The numerical simulation to obtain velocity curves was done by the development part-

ner Innerspec. Table 5.1 summarises the dimensions, density, Young’s modulus and

Poison’s ratio that were considered as input for the numerical simulation. The numer-

ical model was developed in the SAFE method according to section 4.2.2 and is based

on the general theory of elastodynamics [105], represented by Navier’s displacement

equation (4.3) that was introduced in section 4.1.

The obtained phase and group velocity dispersion curves are plotted in Figure 5.1.

Figure 5.1(a) shows the mode separation for a range of frequencies. It can be seen

that the first two modes A0 and S0 are non-converging modes, which means that both

modes exist at the same time (quasi symmetrical and quasi anti-symmetrical). This is

due to the unsymmetrical material arrangement, in which the three-layered clad Al is

approximately 35% of the total plate thickness. Figure 5.1(b) plots the group velocity

98



Chapter 5. Detection of bond defects in cold roll bonded Al/Al-Sn/Al/steel plates

Figure 5.1: (a) Phase velocity and (b) Group velocity dispersion curves with selected
mode at 2.3 MHz marked for the sample described in Table 5.1 (supplied by Innerspec)
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dispersion curve for the bimetal plate, which provides information about how each

mode travels in time depending on frequency.

Each combination of frequency and phase velocity on the dispersion curve represents

a possible test mode. From the infinite wave modes, the S1 wave mode with 2.3 MHz was

selected for the experiments. The wave mode was selected according to the procedure

described in section 4.6.

5.1.2 Sample preparation

In total 9 test samples were produced for this study. The material properties and

dimensions are summarised in Table 5.1. The 1.55-1.65 mm thick bimetal sheets are

made of 0.52 mm thick clad Al and 1.08 mm steel layers after 43% reduction during

CRB. The width of the samples was 211 mm. The samples were produced in a contin-

uous process as strip and then cut into individual pieces, each approximately 800 mm

in length. The test samples production process was identical to serially produced ma-

terial, except that a specific defect was artificially implanted immediately before CRB,

which is shown in Figure 5.2(a) to (h). A template and sieve were used to spread a

defined quantity of contaminants in a thin and even layer on the linished steel surface.

Figure 4(a) to (d) show Al2O3 alumina powder and (e) to (h) steel debris that was

implanted. The elongation factor in rolling direction during the CRB reduction was

taken into account, thereby the theoretical 2D defect size in the X1-X3 bimetal plate

plane after CRB were approximately 1x1 mm, 5x5 mm, 10x10 mm and 15x15 mm

size. Alumina was applied to create an artificial delamination, as it was reported that

surface oxides interfere with the creation of nascent metal welds, which establish an ef-

fective cold weld [32]. Steel debris was implanted, as it is the most frequently detected

impurity in serial production that impairs the bond quality as described in chapter

1.2. One sample without artificial defect was produced as a control sample. After all

measurements were taken, micrographs of the defects were examined to compare the

defect structure with the NDT results.

Micrographic specimens of 15 mm length were punched from the sheet samples using

a flywheel press. The micro samples for assessment were hot mounted using Bakelite.
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Figure 5.2: Samples with artificially implanted alumina and steel debris defects of
different sizes

Al/Al-Sn/Al/steel samples were mounted in the rolling and transverse directions for

examination. A thin slice was cut off of the micro block using a disk cutter machine and

discarded to remove any deformed areas from specimen pressing. Initial wet grinding

was carried out by hand using increasingly finer silicon carbide grinding papers (240,

600, 1200 and 2500 grit). The final grinding operation was always carried out using

2500 grit paper. A good water supply was used at all times to remove all grinding

debris. The samples were mechanically polished on automated equipment, using 3

micron diamond suspension for 5 minutes followed by non crystallising colloidal silica,

0.04 micron, for 6 minutes. After each step, the micro block was removed from the

pad and washed with clean running water and dried. Optionally, some samples were

etched after polishing using Weck’s reagent (KMnO4 4g, NaOH 1,5g, H2O to 100ml).

Samples were immersed for approximately 30 seconds at room temperature and then

washed with clean running water and dried. Metallographic analysis was carried out

using standard bright field microscopy at magnifications up to x1000.

5.1.3 Experimental set up

The guided wave experiment was set up in the pitch and catch configuration as shown

schematically in Figure 5.3. The transducers were positioned at the steel side. Both

transducers were placed so that the wave path propagated along a direction with shallow

angle from normal to the edge of the sheet, in order to eliminate the influence of edge

reflection.
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Figure 5.3: Schematic illustration of EMAT transducers used for generating and re-
ceiving guided waves propagating through artificial delamination

A data acquisition Pentium-based personal computer (PC) running the Windows

XP operating system with temate R© software and a field-programmable gate array

(FPGA) card with high-speed waveform digitizer was used to generate the excitation

signal (Figure 5.4(a)). This signal is sent to a DIO interface, which receives trigger

signals from the signal conditioning box and FPGA card and distributes them to the

tone burst amplifier (Figure 5.4(b)). In Figure 5.4(c), a temate 2-CH tone burst am-

plifier with 10KW power is shown that is used to convert the low-voltage signal into a

high-power pulse train, which is required to drive the transmitting EMAT to produce a

good signal-to-noise ratio. A remote electronics signal conditioning box (Figure 5.4(d))

connects the EMAT sensors with the tone burst amplifier and to the DIO interface.

It has an analogue-to-digital converter for signal conversion. A specific holder shown

in Figure 5.4(e) was used for all measurements to keep both EMATs perfectly aligned

and at a constant distance apart from each other.

5.1.4 Sensor setup

The system was set up and calibrated in a standard procedure before any measurements

were taken. The machine setup consists of following steps:

1. Cleaning of transducer from any contaminants such as steel debris or oil from

previous inspection. Steel debris acts as ferromagnetic conductors and their mag-

netostriction produces additional stresses that enhance the signals to higher levels

than could be obtained by the Lorentz force alone and should therefore be avoided.
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Figure 5.4: Photographs of experimental set-up

2. EMAT transducers consist of a coil wire and a magnet. Putting a foam sponge

between magnet and electrical coil provides a constant stand-off between magnet

and coil wire so that the alternating electrical currents inducing surface currents

(Eddy currents, J) are placed in a uniform magnetic field (B) at a constant

distance. Figure 5.5(a) shows the foam sponge placed on top of the magnet.

Figure 5.5(b) shows the coil wire placed on top of the foam sponge.

3. A metallic wear surface is placed on top of the coil wire to protect the transducer

and prevent any relative movement between material and coil wire. The wear

surface is made of a non-magnetic, high wear resistant alloy. The wear plate is

shown in Figure 5.5(c).

4. Knurled-head screws (Figure 5.5(d)) were used to secure the wear plate on either

side of the transducer.

5. The transducers were connected to the tone burst amplifier by means of cable

and plug-in connections as shown in Figure 5.5(e).
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6. The same setup was done for transmitting and receiving transducer.

7. Once both sensors were setup, the bimetal was placed on top of the transducers

with the steel side facing the wear surface. A clamping mechanism with rollers

was used to keep the bimetal plate (or strip) and transducers aligned. This is

shown in Figure 5.5(f).

8. Steps 1 to 7 were repeated for every different sample structure and defect type

before inspection.

5.2 Results and discussion

5.2.1 Lamb guided wave inspection

An inspection gate was set between 42 and 46 µs to monitor the amplitude changes of

the through transmission signal. Figure 5.6(a) shows the A-scan for a defect free loca-

tion, for which the gain was adjusted so that the reference amplitude was approximately

100%. When the selected S1 guided wave encounters a delamination or embedded steel

debris between the clad Al and steel layer, incident wave energy is converted into radia-

tion energy in all directions, which results in attenuation. As a result, the wave energy

that reaches the receiving EMAT transducer at the set inspection gate decreases, which

is displayed as lower signal amplitude. Figure 5.6(b) shows an example of a defective

sample with embedded 10x10 mm area steel debris for which the sound wave that ar-

rives at the inspection gate between 42 and 46 µs reduced to 30% amplitude due to the

wave reflection at the defect. For the selected S1 mode and the type and size of the

artificial defects tested in this study, only signal attenuation was observed. However,

mode conversion may occur for other wave modes in the same bimetal plates.

The CRBed samples were tested twice, prior and post annealing. This was done

to determine if inspection could take place in-line at the CRB production line, or only

after bimetal annealing as final inspection. Figure 5.7(a) shows the A-scan maximum

amplitude trace of the defect free sample prior to annealing. Once the gain was set

for the un-annealed reference sample to obtain approximately 100% relative amplitude,
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Figure 5.5: Setup of sensors: (a) magnet and foam sponge, (b) coil wire, (c) metallic
wear surface, (d) wear plate secured on transducer, (e) assembled transducer and plug-
in connection, (f) bimetal clamped on transducers
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Figure 5.6: A-scan signal for (a) defect free and (b) defective location

Figure 5.7: A-scan maximum amplitude trace of reference samples: (a) prior and (b)
post bimetal annealing, embedded 10x10 mm steel debris defect sample: (c) prior and
(d) post bimetal annealing

the inspection parameters were kept the same for all other measurements. Figure

5.7(b) shows the A-scan maximum amplitude trace of the same defect free sample after

annealing. Figure 5.7(c) shows the A-scan maximum amplitude trace of the embedded

10x10 mm steel debris defect prior to annealing and in Figure 5.7(d) post annealing.

For the reference sample, 175 measurement points were recorded along the sample scan.

For the defective samples, the scan was repeated ten times and in each scan the lowest

amplitude was recorded.

Figure 5.8 and Figure 5.9 plot the median, the quartiles, and outliers of the am-

plitude prior and post bimetal annealing that was measured for the reference and all

defective samples. Figure 5.8 shows the alumina delamination defect results. There is

a correlation between defect size and amplitude drop. The larger the defect size of the

delaminations is, the less wave energy arrives at the receiving EMAT. For the smallest

1x1 mm area delamination defect prior annealing, the amplitude dropped by 75% from

the 97% mean amplitude for the reference sample to 24%. For the 5x5 mm alumina de-

lamination defect, the amplitude dropped by 90% to 10%, for the 10x10 mm defect by

96% to 4% and for the 15x15 mm defect by 97% to 3% prior annealing. For the reference

sample, the amplitude post annealing increased by 49% from 97% to 144% compared
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to the un-annealed state, suggesting that post rolling annealing results in lower attenu-

ation. The same relation was observed for most alumina delamination defects, though

with a different magnitude. For the 1x1 mm area defect, the post annealing amplitude

remained at 24%. For the 5x5 mm area defect, the amplitude increased by 90% from

10% to 19%. For the 10x10 mm area defect, the amplitude increased by 50% from 4%

to 6%. However, for the 15x15 mm area defect, the amplitude dropped by 44% from

2.5% to 1.4%. This could be due to electrical noise considering the low magnitude of

the received signal strength. For all measurements, prior and post rolling annealing,

the RDR increases for for larger defects.

Figure 5.9 plots the measured amplitude for samples with embedded steel debris. It

was again observed that there is a correlation between defect size and amplitude drop.

The larger the defect size of the embedded steel debris is, the less wave energy arrives

at the receiving EMAT. For the smallest 1x1 mm area embedded steel debris defect

prior annealing, the amplitude dropped by 28% from the 97% mean amplitude for the

reference sample to 70%. For the 5x5 mm embedded steel debris defect, the amplitude

dropped by 56% to 43%, for the 10x10 mm defect by 62% to 31% and for the 15x15

mm defect by 97% to 3% prior annealing. The same reference sample was considered,

for which the amplitude post annealing increased by 49% from 97% to 144% compared

to the un-annealed state. Also for embedded steel debris defects the same relation was

observed with a different magnitude, except for the 10x10 mm area defect. For the 1x1

mm area embedded steel debris defect, the post annealing amplitude increased by 33%

from 70% to 93%. For the 5x5 mm area defect, the amplitude increased by 28% from

43% to 55%. For the 10x10 mm area defect, the amplitude remained at 30%. For the

15x15 mm area defect, the amplitude increased by 270% from 2.5% to 9.3%. Due to the

low magnitude of the received signal strength, this could be caused by electrical noise.

For all measurements for embedded steel debris, prior and post rolling annealing, the

RDR increases for larger defects. Table 5.2 summarises the measurement results and

RDR.

For automatic online strip inspection, it is necessary to set an alarm threshold,

which classifies the material as defective if the amplitude falls below a certain thresh-
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Figure 5.8: Signal amplitude measured prior and post bimetal annealing for artificially
implanted alumina defects in different sizes

Figure 5.9: Signal amplitude measured prior and post bimetal annealing for artificially
implanted steel debris defects in different sizes

108



Chapter 5. Detection of bond defects in cold roll bonded Al/Al-Sn/Al/steel plates

Table 5.2: Statistical and RDR sample data

old. Any variation in signal amplitude due to local material property changes, external

factors or noise should not cause false alarms. The required RDR for this application

needs to get established in online experiments. In the only known industrialised online

EMAT guided waves inspection system for brass/copper/brass three-layered compos-

ites to date, an alarm threshold of 65% of the normal amplitude was used [72]. The

calculated RDR values prior and post annealing for the delamination and embedded

steel debris defects are summarised in Table 5.2. Considering a 65% alarm threshold

and the obtained measurement data under laboratory conditions, all delamination type

defects would be detectable with the inspection system, prior as well as post bimetal an-

nealing. For embedded steel debris defects, all sizes would be detectable prior and post

bimetal annealing, except for the smallest 1x1 mm area defect, for which the amplitude

dropped by only 28% prior annealing. Post annealing, the amplitude for the smallest

1x1 mm defect dropped to 64% of the normal amplitude. The results suggest that

online inspection can be done either prior or post annealing to qualitatively indicate

the presence of delamination or embedded steel debris defects, with the only exception

being the 1x1 mm area embedded steel debris defect prior annealing, which would not

be detectable. However, the percentage of normal amplitude as alarm threshold that is

required for this application needs to be verified in experiments, in which the prototype

inspection system is installed online.

5.2.2 Wave interaction with defects

Microsections of the test samples were taken to ascertain that the nature of the arti-

ficial defects is similar to real defects in regards to the defect type, location, size and

orientation, which influences the amount of sound energy that is reflected, when the
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guided wave sound path encounters the defect. Furthermore, the different attenuation

for delamination and embedded steel debris defects need to be explained. An optical

microscope with 100x and 200x magnification was used to inspect the bond line. The

cross sections were taken in the X1-X2 rolling direction plane. Figure 5.10(a) is a mi-

crograph of the reference sample, which was used to obtain the reference amplitude.

The bond line is free from aligned linear porosity, continuous oxides and delamination,

which confirms that the reference amplitude corresponds to a flawless sample. The

Al-1050 to steel delamination in Figure 5.10(b) is caused by a thin alumina layer while

Figure 5.10(c) illustrates a real delamination from serial production. In both cases, the

continuous delamination spreads about 800 µm in rolling direction and has a similar

volume and shape that acts as sound reflector. Figure 5.10(d) shows embedded steel

debris between the Al-1050 and steel layer, which was artificially implanted. In Figure

5.10(e), embedded steel debris that was found in serial production is shown. In both

samples, the length of the embedded steel debris exceeds 1000 µm in the rolling direc-

tion. It appears that in both cases the steel debris is bonded to the Al-1050 foil, but not

to the steel layer. When comparing the embedded steel debris and delamination defects,

the void volume of the delamination defect is significantly larger. The defect volume of

the embedded steel debris defect that acts as reflector can be described as the volume

of the debris itself, but there is no void between the debris and the clad Al layer, only

between debris and steel layer. This explains why the reflected ultrasound wave energy

is higher for the delamination defect compared to the embedded steel debris defect.

When the ultrasonic guided wave counters the boundary of the delamination void, the

defect acts as reflector due to the different density, Young’s modulus and Poison’s ratio

of the void compared to the clad Al and steel. This causes destructive interferences,

which results in attenuation and amplitude drop. Regarding the embedded steel debris

defect, for which the layers are mostly physically in contact and almost no void exists,

only a relatively small proportion of the ultrasound wave energy is reflected when the

sound wave encounters the defect, because the embedded steel debris material prop-

erties are similar to the steel layer itself. The microscopic assessment of the samples

suggests that the artificially implanted and real defects, which were randomly found
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Figure 5.10: Optical micrographs: (a) reference sample, (b) artificial 5x5 mm delami-
nation, (c) natural delamination, (d) artificial 5x5 mm embedded steel debris and (e)
natural embedded steel debris

in serial production, have similar characteristics and therefore their ultrasound wave

reflector properties are representative for real defects.

5.2.3 Effect of post rolling annealing on attenuation

The reference sample amplitude increased by 49% due to post rolling annealing. Analysing

the structural changes in the material provides an explanation. During rolling, the

grains become elongated and flattened, which changes the grain aspect ratio. Fig-

ure 5.11(a) shows the elongated grain structure in the rolling direction, and Figure

5.11(b) the flattened grain structure in the transverse direction. These micrographs

were captured prior to annealing. The elongated grain boundaries cause reflection of

the ultrasound sound wave and therefore increased attenuation [8]. During post rolling

annealing, the grain structure of the work hardened clad Al is recrystallized and diffu-

sion between the steel and Al-1050 layer takes place to enhance the metallurgical bond.

Figure 5.11(c) shows the recrystallized grain structure in the rolling, and Figure 5.11(d)

in transverse direction, which were captured post rolling annealing. The difference in

the grain structure is apparent. The recrystallized grain structure reduces the elastic

scattering because of a smaller surface of the reflector, hence the transmitted energy of
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Figure 5.11: Optical micrographs: Al-Sn alloy (a) elongated structure in rolling direc-
tion and (b) flattened structure in transverse direction prior to annealing, (c) recrystal-
lized structure in rolling direction and (d) transverse direction post annealing (Etchant:
Wecks)

the ultrasound wave increases, which explains the amplitude increase post annealing.

During CRB, the grain structure of the steel is also elongated, however the annealing

temperature is too low to recrystallize the steel grain structure and therefore steel post

rolling annealing does not affect signal attenuation in the bimetal system.

If the solution heat treatment or annealing time is exceeded, there is the risk of the

formation of a brittle intermetallic layer that forms at the bond line. Three intermetallic

phases Al2Fe, Al5Fe2 and Al13Fe4 exist when the steel diffuses into the aluminium

layer, as Fe has a high solubility in Al [5]. Plant internal trials concluded that 3-5

µm thick intermetallic layer is detrimental to the bond, even though this thick layer

only forms at enhanced solution heat treatment temperatures and/or times. A sample

with about 5 µm thick Al-Fe intermetallic layer was produced and inspected with the

same experimental setup. As a result, the guided wave that interrogates the entire
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plate could not detect the presence of the brittle intermetallic layer, as there was no

measurable amplitude difference compared to a normally solution heat treated bimetal

sample without Al-Fe intermetallic layer. Lowe et al. [137] studied the bond inspection

of diffusion bonded titanium sheets, which have no evidence of a bond line in the perfect

bonding case, but if oxygen or nitrogen is present at the bond line during the high-

temperature bonding process, an unwanted brittle titanium phase layer forms. Their

study was concerned with the detection of the presence of the unwanted layer. It was

concluded that the Lamb wave technique was not applicable for the detection of the

unwanted intermetallic layer, due to the strong sensitivity to the material properties

and thickness of the parent materials and insensitivity to the bond line layer. The

same explanation applies for Al/Al-Sn/Al/steel bimetals. The dispersion curves and

sound propagation behaviour is practically only influenced by the properties of the

clad Al and steel material layers and is insensitive to the embedded layer, because the

volume of the embedded layer is insignificant compared to the lining and steel layer

thickness. Additionally, the Al-Fe density, Young’s modulus and Poison’s ratio are

relatively similar to the parent materials Al-Sn and steel compared to a void. This leads

to the conclusion that diffusion between the clad Al and steel, such as the 5 µm thick

brittle Al-Fe intermetallic layer, has no measurable influence on the sound attenuation.

Therefore the amplitude increase post annealing can be primarily attributed to the

recrystallization of the Al-Sn alloy.

5.3 Conclusions

Lamb wave modes for Al/Al-Sn/Al/steel bimetal were calculated with the SAFE method.

The S1 mode (2,300 kHz frequency, 2.54 mm wavelength) that is efficiently excited in

the Al/Al-Sn/Al/steel bimetal system was first selected based on FEM simulation and

then verified in an empirical study, using defect free and defective samples. A sample

production technique was developed to produce artificially implanted defects, which

have ultrasound properties that are comparable to real defects. The selected S1 wave

mode is reasonably sensitive to the artificial defects and measurement results showed

good repeatability. An explanation for the attenuation decrease in defect free sam-
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ples post rolling annealing was provided, which is that quasi equiaxed grains produced

by post rolling annealing cause less elastic scattering than elongated grains that are

present in the clad Al prior to rolling annealing. It was also found that Lamb waves

are insensitive to diffusion between the clad Al and steel layers. It was observed that

amplitude attenuation depends on the type and size of the bond defects. Based on a

65% of normal amplitude alarm threshold, the results suggest that delamination de-

fects with approximately 1x1 mm area can be detected prior and post rolling annealing,

embedded steel debris with 1x1 mm area can be detected post annealing and 5x5 mm

area embedded steel debris can be detected prior to rolling annealing. Therefore bond

inspection could be done either during production prior rolling annealing based on the

detectable defect size, or as final inspection post rolling annealing. Further research

is required to verify the alarm threshold percentage when the inspection system is in-

stalled online in a continuous strip inspection line and to confirm that the guided wave

inspection technique is capable of inspecting 100% material volume at the required line

speed. The study results provide encouraging signs that the investigated inspection

technique can be employed in serial production of Al/Al-Sn/Al/steel bimetal strips.

114



Chapter 6

Implementing an online bond

quality inspection system for cold

roll bonded Al/Al-Sn/Al/steel

strips

In this chapter a prototype online bond inspection system for Al/Al-Sn/Al/steel strips

is introduced to detect bond defects that occur in the CRB process of strips. The

transmitting and receiving EMAT probes inspect 100% material volume whilst strips

are processed continuously. The inspection signals are processed in real time and stored

for post-processing. Serial production strips with good bond as well as those with

defects along the bond line were inspected for rigorous testing of the prototype machine.

The inspection results were statistically analysed to determine an alarm threshold for

serial inspection. The most important result is that the guided waves are sensitive

enough to use practical NDT with only 0.5% false alarm rate to detect all bond defects,

which nowadays can only be detected with a destructive peel-off test. Previously, the

detection of all kinds of bond defects would have lead to unreasonable levels of scrap

due to false alarms. The application of this prototype EMAT inspection system to

an industrial strip processing line shows that online detection of significant defects in
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CRBed Al/Al-Sn/Al/steel strips in a harsh serial production environment is possible.

Improvements are proposed to address the issues that occurred during inspection trials

and to aid in the design of a more robust mechanical machine for the industrialisation

of an EMAT inspection system. The content of this chapter is based on the journal

publication Implementing an online bond quality inspection system for cold roll bonded

Al/Al-Sn/Al/steel strips using guided wave EMATs (Tallafuss et al., 2018) published

in Insight Non-Destructive Testing and Condition Monitoring.

6.1 General inspection system design

6.1.1 System requirements

The system must meet the following performance characteristics for online inspection:

1. Industrial CRB capability (rolling speed: 5 m/min to 15 m/min and a harsh

manufacturing environment, for example vibrations and shape deviations during

processing)

2. Ability to detect serial production bond defects

3. Maximum strip width: ∼ 300 mm

4. Minimum strip width: ∼ 170 mm

5. Maximum strip thickness: ∼ 4 mm

6. Minimum strip thickness: ∼ 1.5 mm

7. Display and export of historic records.

6.1.2 General design of system

Figure 6.1 shows the strip processing line used for the experiments. The pneumatic

brake disc uncoiler provides back tension. The roller table avoids strip oscillation. A

rolling mill guides strips to the EMAT probes. The transmitting and receiving probes,

remote signal conditioning boxes, pneumatic and electrical components are mounted
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Figure 6.1: EMAT prototype inspection line for Al/Al-Sn/Al/steel strips

Figure 6.2: Temate software: (a) A-scan oscilloscope; (b) online A-scan maximum
amplitude trace; (c) A-scan maximum amplitude recall panel

onto a probe assembly frame, which is positioned directly below the strip. Pneumatics

provide passive compliance between probes and moving strip. Wear plates that are

in sliding contact with the steel cover the probes. Remote signal conditioning boxes

process and connect the probes to the Data acquisition (DAQ) hardware and computer

with programmable temate R© software. A coiler provides front tension and coils strips

after inspection.

Signals are processed and displayed in real time. Figure 6.2 shows the interface

of the temate software. Figure 6.2(a) illustrates the A-scan oscilloscope that is used

to verify the selected wave mode, adjust gains and set signal inspection gates. Figure

6.2(b) represents the maximum amplitude within the TOF filtering gates along the

strip in real time during inspection. Once inspection is completed, the results can be

retrieved in the recall panel (Figure 6.2(c)). In these modes, measurement locations,

signal amplitude, indication of the pass/fail status depending on alarm threshold and
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current strip identification data can be analysed. The ultrasound signals are measured

in voltage and are displayed as relative amplitude as a percentage of the reference

amplitude for a defect-free sample. The gain remains unchanged for all measurements.

6.2 Experimental procedure

6.2.1 Guided wave propagation and analysis

The inspection experiments were set up in the pitch and catch configuration using the

same DAQ hardware as introduced in section 5.1.3. The physical principle of the guided

wave inspection was introduced in chapter 4. The empirical relationship between bond

defects and guided waves in all experiments was when guided waves encounter a bond

defect, the defect causes destructive interference which converts incident wave energy

into radiation energy in all directions, which results in attenuation. The remaining

wave energy that propagates to the receiving EMAT transducer decreases, which is

measured and shown as a lower signal amplitude in the A-scan. During inspection,

the maximum amplitude within the TOF filtering gates is used to indicate defective

material with the attenuation method. Table 6.1 details the dimensional and material

characteristics of the samples that were used for the online feasibility study. The Lamb

phase and velocity curves for these samples were calculated with the SAFE method

according to chapter 4 and the wave modes were selected according to the procedure in

section 4.6. Since the prototype system will be industrialised as a commercial product,

the wavelengths and frequencies of the selected S1 wave modes are not revealed. The

wavelength was controlled by the period of the meander coil.

6.2.2 Sample production

All Al/Al-Sn/Al/steel strip samples in this study were produced on the CRB production

line at MAHLE Kilmarnock, Scotland according to the manufacturing process described

in chapter 2. Table 8.2 summarises the test samples in this study. SP-R1 and SP-R2

are serial production reference samples that were produced without defects. SP-D is

an 80 m long serial production strip with Al-1050 sacrificial side foil blisters. Artificial
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Table 6.1: Material properties for Al/Al-Sn/Al/steel bimetal strips and employed
guided wave modes
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defects (ADs) were implanted in the AD strip. The AD-T sample is the first 28 m

in the AD strip, which were bonded when the mill roll temperature was only 42◦C

compared to the required temperature of above 100◦C. Once at temperature, the next

28 m were bonded under normal process parameters to obtain a good bond reference

sample (GBR). Samples AD-1x1D and AD-5x5D contain artificially implanted 1x1 mm

and 5x5 mm area delaminations (D), by spreading a thin alumina powder layer on the

steel surface before CRB. Steel debris (SD) was artificially implanted in samples AD-

1x1SD and AD-5x5SD. The clad Al and steel strips were misaligned when entering the

CRB mill to produce a sample with run-off alloy (ROA) on one edge of the strip and

bare steel on the other side. The steel surface linishing before CRB in sample AD-ASS

was intermittent due to a removed 50 x 150 mm area location in the rotating linishing

belt, which produced locally altered steel sanding (ASS) parameters. Rolled-in alloy

slivers (RAS) and rolled-in brush bristles (RBB) were artificially implanted between

the clad Al and steel in the AD-RAS and AD-RBB samples. In order to obtain altered

clad Al brushing (ACB), 50 mm of the wire brush width were deactivated across the

circumference by bulging the bristles so as not to mechanically activate the clad Al

surface. For reduced rolling reduction (RRR), the CRB thickness reduction was set to

only 30% instead of the standard thickness reduction of >40%. For each sample in the

AD strip, approximately 0.5 m length of the clad Al before and after each defect was

ball-indented to mark scrap and locate the position of the artificial defect. When the

bonding production process stops with strip between the roll gap, this causes an imprint

in the strip, which is also scrap. This imprint is present in the AD strip whenever the

line was stopped to implant an artificial defect. These roll mill stops (RMS) were

also inspected. In between each artificial defect segment, approximately 10 m good

bond strip was produced to keep the work rolls at temperature. The production of the

artificially implanted defects immediately before CRB is shown in Figure 6.3.

6.2.3 Clad Al lining adhesion peel-back test

The clad Al adhesion peel-back test was used to obtain pass/fail measurement data for

the test samples in this study to compare the results with the guided wave inspection.
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Figure 6.3: Defects in cold roll bonded Al/Al-Sn/Al/steel strips (a) 1x1 mm alumina,
(b) 1x1 mm steel debris, (c) 5x5 mm alumina, (d) 5x5 mm steel debris, (e) run-off clad
Al, (f) altered steel sanding, (g) rolled-in clad Al slivers, (h) rolled-in brush bristles, (i)
altered clad Al brushing, (j) Al-1050 foil blisters on sacrificial side
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Table 6.2: Al/Al-Sn/Al/steel strip samples for online inspection

The destructive test was introduced in section 1.2.1.

6.3 Results and discussion

6.3.1 Data interpretation

Figure 6.4 illustrates the measurement data interpretation approach in this study. The

complete strip length of samples SP1-R1, SP2-R2 and SP3-D was scanned in one max-

imum amplitude trace without stopping the processing line. This is schematically

illustrated in Figure 6.4(a) to (c). The same procedure was applied for samples AD-

GBR, AD-T, AD-ASS, AD-ACB and AD-RRR, since the artificially implanted defects

for these samples are several metres long.

For all other AD sample defects, which were artificially implanted at just a single

position, one maximum amplitude trace was gathered per defect segment. Each segment

consisted of approximately 10 m strip with good bond as reference and a 0.5 m ball

indentation scrap marking to indicate the beginning of the artificial defect, followed

by the artificially implanted defect and ending with 0.5 m ball indentation. Within

each maximum amplitude trace, the artificially implanted defect scan was repeated 50

times to test the repeatability of the inspection system. The AD samples maximum
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amplitude trace in Figure 6.4(d) shows 100 amplitude drops at the position of the

artificially implanted defect, since recording continued whilst the strip was reversed.

Only the measured amplitude in the forward direction was used for statistical analysis,

to control the strip front tension and eliminate any influence of lift-off between EMAT

probe and strip. Before every measurement, the system was calibrated according to

the procedure in section 4.6.

A lower threshold of the normal amplitude level must be defined to detect bond

defects. This threshold must avoid false alarms due to electrical noise and local material

property variation, but still detect all potential defects. Therefore, the mean amplitude

for defects must be statistically significantly different from the good bond amplitude. If

the amplitude intervals overlap, then no unambiguous differentiation between defective

and good material is possible. In this case, setting the level of the threshold is a trade-

off between not detecting real defects and reducing the false alarm rate. Sample SP3-D

in Figure 6.4(c) shows that the signal amplitude drops below the alarm threshold at

the location where the Al-1050 foil detached from the AlSn alloy, which indicates the

presence of defects. Since the exact locations and quantities of delamination spots

in the serial production sample SP3-D were unknown, it was not considered in the

statistical analysis.

6.3.2 Results

Figure 6.5 shows a boxplot of the SP and AD strip samples to compare the central

tendency and variability of the measured amplitude for various defects. The interquar-

tile range (IQR) from the first quartile (Q1) to the third quartile (Q3) shows that the

middle 50% measurement points of all defects have a narrow spread. The IQR of the

reference samples R1, R2 and GBR overlap. This was expected, since the reference

samples were used to calibrate the system. All of the other measured amplitudes are

normalised as the same gain was used to inspect the reference and defective samples.

The range of the reference samples from the smallest to the largest amplitude value,

including outliers, is from about 55% to 120% normalised amplitude. It can be seen

that the combined interval of samples R1 and R2 completely contains the amplitude
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Figure 6.4: Results-based illustration of A-scan maximum amplitude trace: (a) SP1-R1
320 m, (b) SP2-R2 390 m, (c) SP3-D 80 m strips, (d) AD samples
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Figure 6.5: Boxplot of SP-R1, SP-R2 and AD strip samples showing central tendency
and variability

intervals of defective samples ASS, T, ACB and 1x1SD. These samples can therefore

only be detected by accepting a significant false alarm rate. The sample RRR ampli-

tude interval partly overlaps with the combined R1 and R2 interval, hence detection

with a reduced false alarm rate is possible. Samples 5x5D, RMS, 1x1D, 5x5D, RBB,

ROA and RAS amplitude intervals do not overlap with the combined R1 and R2 inter-

val; therefore, detection without false alarms is possible. The boxplot shows that the

variances of the various samples are different.

Analysis of Variance (ANOVA) was used to analyse if the various bond defects could

be differentiated by their mean amplitude. An alarm threshold of the normal amplitude

was determined based on statistical analysis of the measurement data. Welch’s ANOVA

was identified as the applicable ANOVA test in this study, since it can be used for

samples with normal distribution and unequal variances. Normal probability plots were

generated, as shown in Figure 6.6, to check the normal distribution of the measurement

data. The x -axis is transformed to plot a cumulative normal density function in a
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Figure 6.6: Amplitude normal test plots

straight line. The measurement data is plotted and transformed to standard normal

values by using the mean and standard deviation of the measurement data. The data

is normally distributed when the samples fall along the normal line. It is recognisable

that samples T and ASS are right skewed. This can be explained by the way the

samples were made. The roll temperature was cold at the beginning of CRB when

sample T was produced and then gradually increased to the operating temperature,

hence the bond quality along sample T is different. For sample ASS, as shown in

Figure 6.3(f), the unlinished area at the edge of the strip is not continuous along the

length of the strip but intermittent, since only parts of the rotating linishing belt were

removed to alter the linishing parameters. Therefore, the local un-linished areas, with

different signal amplitude, were measured repeatedly, which skewed the sample data

distribution. ANOVA is insensitive to the normality assumption for large sample sizes,

which applies for samples ASS and T. It can be seen that all samples fulfil either the

normal distribution or large sample size criterion and therefore Welch’s ANOVA can

be used.
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Levene’s test was used to test the homogeneity of variance of the samples. The null

hypothesis (H0) states that the variances are the same for all defects. The alternative

hypothesis (Ha) states that at least one of the defective samples has a significantly

different variance. The p-value is 0.000, hence H0 must be rejected and the variances

are significantly different. This is in line with the box plots in Figure 6.5, in which the

different box lengths and whiskers for each sample indicate different variances. Welch’s

ANOVA test can be used for samples with different variances.

The null hypothesis (Equation 6.1) for Welch’s ANOVA is that all sample means

are the same (µ = defect mean):

H0 = µR1 = µR2 = µD = µT = µGBR = µ1x1D = µ5x5D = µ1x1SD = µ5x5SD = µROA

= µASS = µRBB = µRAS = µACB = µRRR = µRMS = µk (6.1)

The Welch’s ANOVA results are Welch’s F(14,461.175) = 315281.13, p = 0.000,

which is summarised in Table 6.3. The p-value = 0.000 means that H0 must be rejected

and the alternative hypothesis (Ha), that there are at least two defect means that are

statistically different from each other, has to be accepted. Therefore, the Games-

Howell pairwise comparison post-hoc test [138] can be used to determine which specific

samples are different from each other. This test can be used with unequal variances

and unequal sample group sizes. The grouping results are summarised in Table 6.3.

Differences between the means that share a letter are not statistically significant and

cannot be differentiated. This is the case for samples RMS and 1x1D, which share the

letter E, as well as the samples ROA and RBB, which are both in group I. All other

samples do not share a letter, hence their means are statistically significantly different

and can be differentiated from each other.

The result of the Welch’s ANOVA and Games-Howell pairwise comparisons post-

hoc test is that all samples, except for pairs 1x1D and RMS, as well as ROA and

RBB, have statistically significantly different means and can be differentiated. The

disadvantage of this analysis is that it can only be carried out after inspection of the
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Table 6.3: Welch’s ANOVA and Games-Howell Pairwise Comparison post-hoc results
(Minitab 17.1.0 statistical software)

complete strip. In order to qualitatively indicate the occurrence of bond defects in

real time, the attenuation method that was introduced earlier can be used. In this

method, defects are qualitatively indicated when the amplitude falls below a threshold

of the normal amplitude, but the limitation of this technique in finding faults is that

no unambiguous differentiation between defect types is possible. The criterion for the

optimal threshold level is to minimise the false alarm rate and maximise the number of

defect types that can be detected. Signal variation can be caused by stand-off between

probes and material, electrical noise and local material property changes. In order to to

minimise the false alarm rate, a moving alarm threshold can be used. This is explained

in the following section.

6.3.3 Determination of moving alarm threshold

The relationship between false alarm rate and threshold of the normal amplitude to

detect defects was investigated to determine a reasonable threshold. A comparative
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study of a simple exponential moving average (EMA) (Equation 6.2), a weighted moving

average (WMA) (Equation 6.3) and a simple moving average (SMA) (Equation 6.4) was

carried out. The EMA indirectly takes all previous measurement points into account

and a smoothing factor α = 0.25 was used. For WMA, m = 10 weights (w1 = 1/55,

w2 = 2/55, w3 = 3/55, w4 = 4/55, w5 = 5/55, w6 = 6/55, w7 = 7/55, w8 = 8/55,

w9 = 9/55, w10 = 10/55) were assigned to the ten most recent measured amplitude

values. For SMA, m = 50 previous measured values were considered. The purpose

of the moving average alarm threshold is to filter outliers and consequently reduce or

avoid the false alarm rate. The same sample data from above was used for this study.

The following equations were used:

ŷt+1|t = αyt + (1− α)ŷt|t−1 (6.2)

ŷi = (wmyi−m + ...+ w1yi−1)/m (6.3)

ŷi =
1

m

i−1∑
j=i−m

yi = (yi−m + ...+ yi−1)/m (6.4)

Figure 6.7 plots the SP-R1 sample false alarm rate depending on the alarm thresh-

old for the different averaging techniques. The false alarm rate is calculated as the

number of occurrences in which the calculated amplitude value based on the averag-

ing technique falls below the defined alarm threshold, divided by the total number of

measured amplitude values per sample. This calculation is based on the assumption

that the good bond reference sample SP-R1 is free of defects. The criterion for the

selection of the averaging technique is to minimise the false alarm rate. The SMA

technique offers the smallest false alarm rate. Considering that a false alarm rate of

0.50% is reasonably acceptable, then the alarm threshold should be defined as 65% of

the normal amplitude level for the SMA technique. This point P(65.3%/0.50%) for the

SMA technique is marked on the graph. For the same 65% alarm threshold, the WMA

false alarm rate is 1.23%, EMA is 1.58% and for the unchanged data set it is 1.69%.
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Figure 6.7: Relationship between false alarm rate and threshold for defect-free sample
SP-R1

Therefore, the measurement data should be processed with the SMA technique during

inspection to reduce the amount of rejected material due to false alarms.

6.3.4 Detectability of main bond defects

The detectability of defects depends on the alarm threshold. Table 6.4 summarises

the defects that are detectable in serial inspection with the attenuation method if a

65% alarm threshold is used. Samples SP-D, AD-5x5D, AD-5x5SD, AD-ROA, AD-

RBB, AD-RAS and AD-RMS can be detected online with guided waves as well as with

the destructive peel-off test. Samples AD-1x1D and AD-RRR can be detected online

with guided waves but are likely to remain undetected with the destructive peel off

test, because the peel-off is still below the fail rating. Defects AD-T, AD-GBR, AD-

1x1SD, AD-ASS and AD-ACB cannot be detected with the 65% alarm threshold, but

the same defects cannot be detected with the destructive peel-off test either. Based

on a 65% alarm threshold, online inspection with guided waves offers the detection of

more defect types than with the destructive peel-off test and, at the same time, 100%

material volume online inspection.
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Table 6.4: Comparison between clad Al lining adhesion peel-off and guided waves non-
destructive testing results, considering 65% of the normal amplitude alarm threshold
and 0.50% false alarm rate

6.3.5 Improvements for serial system

Rigorous testing of the guided wave prototype inspection machine revealed that various

machine modifications are necessary before the machine is capable of serial CRB in-

spection. A frequently occurring issue was lift-off between strip and the EMAT probe.

Huang et al [92] reported that lift-off between EMAT probes and samples are typically

restricted to below 3 mm due to the requirement of a reasonable SNR. In this study,

lift-off up to 20 mm occurred, in particular when the strip showed one-side waviness.

In a serial system, the lift-off must be controlled to prevent false alarms. This could

be achieved with a more flexible probe assembly design that is capable of maintaining

a defined gap, or a strip guidance system such as a three-roll steering stand to correct

the strip movement without deflection of the strip.

A further limitation of the current prototype system is that the position of the

defects across the width of the strips cannot be localised, which results in a low yield

because the full width of the strips has to be scrap marked. It is common practice in

engine bearing manufacturing that strips are slit into multiple strands in downstream
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processes. If the system resolution could be improved to locate the exact position of

the defect, the yield could be improved by scrapping only the lane that contains the

defect. A recent development in guided wave inspection of metallic plates is to attempt

to accurately determine the location, size and shape of defects instead of only detecting

the presence of defects. This is possible by using an array of transducers to transmit

and receive guided waves from all directions [92]. This would be an improvement com-

pared to the current system, which only uses one sound path across the width of the

strip. Strip irregularities, such as notches, steel and clad Al weld seams, can damage

the EMAT probes if they remain undetected. A potential solution could be to inte-

grate the bond inspection equipment into a machine visual inspection line that detects

surface flaws. The machine visual inspection system could provide a signal to the bond

inspection system to remove the sensor probes from the material when an irregular-

ity arrives to prevent any damage. The current system uses different wave modes for

strips with different dimensional characteristics. This requires EMAT meander coils

with different coil periods. As a result of the different required inspection set-ups, time

is required for the changeover from one part to another before inspection can begin.

Further work is required to reduce the number of different wave modes for inspection

of the complete product portfolio.

6.3.6 Conclusions

An online bond inspection system with a high degree of automation, using guided

waves generated with EMATs, has been applied and researched under harsh industrial

conditions in an industrial strip processing line for CRBed Al/Al-Sn/Al/steel strips.

The EMAT equipment has successfully demonstrated the online detectability of bond

defects. The amplitude means of the defective samples were statistically significantly

different from the control samples. It was found that, based on a 0.5% false alarm

rate, the alarm threshold should be set at 65% of the normal amplitude. Based on

this threshold, more defects were detectable with the online inspection system than are

nowadays detectable with the destructive clad Al peel-off test. In addition, 100% of

the material volume is inspected online instead of only samples at the beginning and
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the end of strips. The limitation of the system is that no unambiguous differentiation

between defects is possible with the real-time attenuation method. A more complex

measurement data analysis method that considers the time of flight could be considered

for quantitative defect detection in future work. The implementation of a serial inspec-

tion system will result in a significant business risk reduction that engine bearings fail

in the field.
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Chapter 7

Defects, causes and prevention

controls in the continuous

CuSn/steel bimetal strip

sintering process

Continuous sintering of CuSn/steel bimetal strips is another manufacturing process in

the MAHLE Kilmarnock plant. CuSn/steel strips are used to manufacture bearings

and bushes for the internal combustion engine, typically for applications with higher

load compared to Al/Al-Sn/Al/steel. Since the business risk that CuSn/steel bimetal

components fails in the field is considered too high, it was decided to work on two

streams to reduce the risk of defects. The first stream was the systematic identification

of all defects that occur in the CuSn/steel manufacturing process, getting to their root

causes and to implement prevention controls. Since to date no systematic review about

strip defects originating from the manufacturing process existed in the public domain,

research and examination was carried out in the MAHLE Kilmarnock plant to under-

stand the defects that occur in serial production. The second stream was to attempt

to employ the developed guided waves EMAT inspection system also for CuSn/steel

bimetal defect inspection. This would reduce the manufacturing cost, business risk
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Figure 7.1: Difference in microstructure for (a) sintered CuPb10Sn10 and (b) cast
CuSn4Bi lining on steel backed bimetal

and verify that the inspection technique works in similar applications. In this chap-

ter, the defects, causes and prevention controls in CuSn/steel bimetal production were

researched. The content of this chapter is based on the journal publication Defects,

causes and prevention controls in the continuous bronze/steel bimetal strip sintering

process (Tallafuss et al., 2018) published in Engineering Failure Analysis.

7.1 Introduction

Bronze is either cast on to the steel or applied by a powder-metallurgy technique to

produce bimetal strips. The advantage of the powder-metallurgy technique is that it

confers a more isotropic structure and distribution of second phases independent of

their lining thickness, though porosity exists. Figure 7.1(a) shows CuPb10Sn10 that

was sintered onto steel. Figure 7.1(b) shows cast bronze CuSn4Bi with characteristic

tree-like structure, called dendrite, in which crystal growth occurs faster along en-

ergetically favourable crystallographic directions resulting in consequences for lining

material properties. For cast as well as sintered bronze/steel bimetal, the bond inter-

face between the constituents is critical. When comparing the bond between sintered

and cast bronze/steel bimetal, no significant difference can be observed as shown in

Figure 7.1. In both processes, diffusion between bronze and steel is extrinsic. Sintering

is more economically viable compared to the casting process [139].

Both leaded and lead-free bronzes are considered in this study. Tightened environ-
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mental regulations have resulted in an increasing demand for lead-free materials with

equivalent or superior properties to their lead-containing counterparts [140]. Many

publications document damages and failures in plain bearings, while only a small num-

ber deal with defects and their occurrence in strips. Papers dealing with plain bearings

focus on damage and failure classification and appearance [141,142], their possible root

causes [143, 144], corresponding corrective actions [145, 146], effect of lubricants [147],

diagnostics and examination tests [148], as well as the frequency of wear defect types

in diesel engines based on field data [149]. Strip related papers describe sintering

copper-based alloys to steel through various stages of manufacture [150], mechanical

and wear properties as well as fatigue crack defects [139], and investigate the influ-

ence of sintering and rolling reduction process parameters on the adhesion of bronze to

steel [151]. However, to date papers have not focussed on strip defects originating from

the manufacturing process, despite this being the process stage at which the detection

and prevention has the greatest opportunity to reduce cost and business risk. This

paper presents all defect types that took place in an industrial production site in a

logical structure, analyses the critical process parameters and material characteristics

to quality, and discusses control measures to prevent those defects from occurring.

7.2 The continuous bronze/steel bimetal sintering process

Figure 7.2 shows a schematic of the process, which was used to manufacture the ma-

terials examined in this study. Steel strip is uncoiled, straightened and washed in a

hot alkali solution to remove surface contamination and preservative oil. The bonding

surface is linished using abrasive rotating belts, and then it is up-coiled and ready for

powdering. Bronze powder is evenly spread over the steel surface using an adjustable

powder die. The loose powder thickness is calculated based on the ratio between appar-

ent density of the powder and theoretical density of the alloy, including an allowance

for elongation of the strip during rolling. The bronze powder is sintered on to steel in a

muffle type continuous sintering furnace at temperatures between 800-900◦C. Hydrogen

(H2) and Nitrogen (N2) created by dissociating gaseous anhydrous Ammonia (NH3) in

the reaction 2NH3(g) → N2(g) + 3H2(g) [152] is used as reducing atmosphere inside the
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furnace during sintering. The hydrogen atmosphere prevents the bronze and steel from

oxidising into the metallic state according to the reaction CuO(s) + H2(g) → Cu(s) +

H2O(g). This enables the de-oxidised particles which are physically in contact with each

other and the steel surface to bond together due to mutual diffusion of their atoms and

become a continuous network of bronze particles bonded to the steel backing. The

density of the bronze lining after first sintering is higher than in the loose powder state,

but still retains 20 to 30% porosity. Sintering is either performed in a gas fuelled or

electrical induction muffle type continuous sintering furnace. During first sintering,

the powder layer thickness shrinks by 12-20% depending on powder type. The bimetal

strip is cooled by radiation and convection processes in a long cooling section comprised

of an enclosed water jacket and containing a reducing atmosphere. The bronze/steel

bimetal strip is rolled using a 2 high mill, in order to compact the bronze layer and

reduce porosity. In the resintering process, the new particle interfaces formed during

the rolling process are bonded together as a result of mutual diffusion of their atoms,

forming a solid layer with higher strength. Resintering process parameters are similar

to sintering. Ideally there would be zero residual porosity, but for components which

do not require plating, up to 5% porosity is considered acceptable. Any non-alloying

second phase (Pb or Bi) shall be homogeneously distributed throughout the bronze

matrix as fine pools of around 25-50 µm cross sectional area between the bronze grains.

Some bronze alloys of certain dimensional characteristics may require a third sintering

pass to achieve the desired material structure. After the final sintering pass, a further

cold rolling operation may be performed to work harden the bronze lining and steel

back. Figure 7.3 schematically illustrates the structure of the sintered bronze/steel

bimetal per process step.

Process parameters which are critical to quality are line speed, temperature, reduc-

ing atmosphere, rolling pressure and the time between first sintering and resintering.

Material characteristics which are critical to quality are powder layer thickness, particle

size distribution and chemistry, especially phosphorous and oxygen level. The sintering

time is governed by the steel and lining thickness, chemical composition of the bronze

lining, process stage (sintering or resintering) as well as furnace type (gas fuelled or
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Figure 7.2: Sintered bronze/steel bimetal continuous production process

Figure 7.3: Schematic illustration of sintered bronze/steel bimetal structure per process
step
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Figure 7.4: Cu-Sn phase diagram

electrical induction). Induction heating of electrically conducting steel through eddy

currents produces high power densities and the strip is heated in milliseconds which

allows short sintering time at the required temperature, while gas or electric radiant

heating furnaces require a longer sintering time. In this study, the electrical induction

furnace line speed ranged from 0.8 to 2.0 m/min, and the gas fuelled line speed was

between 0.5 to 0.7 m/min. The induction coil length was less than 2 m, and the gas

fuelled furnaces were around 9 m in length

7.3 Liquid phase sintering mechanism

As can be seen in the Cu-Sn phase diagram in Figure 7.4, pure Cu-Sn bearing alloys such

as CuSn11 have liquid phases above 798◦C. Bronze based bearing alloys can contain

lead or bismuth low melting point metal, which is distributed in the bronze matrix as

second phase.

The finer the particle size and the higher the volume fraction of the liquid phases in

the system is, the higher is the densification rate [153]. The three stages in the liquid
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phase sintering process are [154,155]:

1. Rearrangement : once the low-melting-point constituent (lead or bismuth) has

liquefied, the densification is a result of viscous flow. The liquid formed at this

stage flows to the necking areas between powder particles to reduce the surface

energy. In the meantime, solid particles are pulled close to each other due to the

capillary force of the liquid, leading to the rearrangement of powders. The higher

the liquid volume fraction is, the greater is the densification, and above 5-10%

volume fraction of liquid, complete densification occurs.

2. Dissolution-reprecipitation: in this stage particles dissolve in the liquid phase and

diffusion takes place.

3. Coalescence: once the solid skeleton has formed, coalescence takes place that has a

similar densification rate to solid particles sintering under comparable conditions.

7.4 Experimental materials and procedures

The manufacturing process described in section 7.2 was used to manufacture the sam-

ples that were examined in this study. Sintered bronze bimetal strips comprising of

lead-free and leaded bronze alloys sintered onto steel backings from serial production

were examined in this study. The dimensional characteristics of the bimetal strips

ranged from 1.20 mm to 4.50 mm thickness with input steel thicknesses of 0.75 mm to

4 mm. The strip width ranged from 102 mm to 203 mm. The chemical compositions

and mechanical properties of those materials are shown in Table 7.1 for the sintered

bronze lining and in Table 7.2 for the low-carbon steel backing. Spherical powder was

chosen for the better flow ability and higher packing density when spreading the powder

on steel to prevent porosity.

The binary phase microstructure of SB10 comprises of lead pools which are dis-

tributed in a homogeneous CuSn matrix is shown in Figure 7.5(a). Figure 7.5(b) shows

the CuSnNi homogenous structure of SB20, in which the tin and nickel are completely

dissolved in the copper matrix. SB30 is shown in Figure 7.5(c), which has a poly-phase
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Table 7.1: Chemical compositions (wt. %) and mechanical properties of SB10, SB20
and SB30

Table 7.2: Chemical compositions (wt. %) and mechanical properties of low-carbon
steel

microstructure of homogeneous CuSnNi matrix around particles of free bismuth and

alumina. For all bimetal materials it can be seen that the lining to steel bond is free

from aligned linear porosity or continuous oxides. The majority of these materials are

used in automotive bush applications, and for engine bearing applications the parts

may be plated with an overlay of a soft material to produce a tri-metal bearing in

order to reduce friction and avoid seizure. This is necessary because, despite the lead

or bismuth soft phase, the frictional properties are still too poor in boundary or mixed

lubrication conditions for engine bearing applications.

The inspection results (Figure 7.6) from 1,250 km sintered bronze/steel bimetal

serial production strips were investigated in this study. Representation of the alloy

types varies, i.e. binary phase lead-bronze alloy was 172 km (14%), single-phase lead-

free bronze was 1,078 km (86%), which covers the large majority of all strips that were

Figure 7.5: Cross sectional view showing typical structures of (a) binary phase SB10 (b)
single-phase SB20, (c) binary phase SB30 homogeneous sintered bronze/steel bimetal
structure with a continuous lining to steel bond
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Figure 7.6: Distribution of the investigated bronze/steel bimetal strips according to the
bronze lining chemical composition

manufactured in the industrial manufacturing facility over three years.

In this study, sheet samples were cut from the beginning and the end of the SB10

and SB20 bimetal coils. Micrographic specimens with 15 mm length were punched

from the samples using a flywheel press. The micro samples for assessment were pre-

pared according to the same procedure that was used for Al/Al-Sn/Al/steel specimens

and was described in section 5.1.2. The only difference between Al/Al-Sn/Al/steel

and CuSn/steel samples preparation was that for CuSn/steel samples, polishing was

carried out using increasingly finer polishing suspensions (3 and 1 microns) before non

crystallising colloidal silica, 0.04 micron, for 6 minutes was used. CuSn/steel samples

were mounted in the transverse direction for examination.

The following techniques were applied for defects quality and quantity measure-

ments. Delamination, degree of sinter, porosity, lead pools size and dimensional defects

were evaluated using a microscope. Delamination defects were assessed at x400 magni-

fication, all other defects at x100 magnification. Surface defects were evaluated visually.

Delamination

The bond delamination length ratio used in this study is calculated using Equation 7.1,

in which d is the length of individual delamination spots that are measured along the

bond line of the sample and l is the length of the sample.

Bond delaminaion length ratio =

∑n
i=1 di
l

∗ 100 (7.1)

Residual particles and degree of sinter

Following procedure was used to determine the degree of sinter:

1. Calculation of the area of the section under examination (As)
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2. Measurement of the diameter of five undersintered residual particles with less

than 50% of its surface bonded within the section

3. Calculation of the mean diameter of these residual particles

4. Calculation of the average area of the residual particles within the area under

examination (Aa)

5. Counting of the number of residual particle within the section (n)

6. Calculation of the percentage of residual particles according to Equation 7.2

Percentage of residual particles =
n ∗Aa

As
∗ 100 (7.2)

Porosity

Following image analysis procedure was used to determine the degree of porosity using

the Zeiss KS300 image analysis software:

1. 10 random fields of view from each prepared micro sample were captured (Figure

7.7(a))

2. Setting the threshold until the porosity is the only feature selected for measure-

ment (Figure 7.7(b))

3. Image changes in appearance, the areas selected for porosity measurement are

highlighted in colour (Figure 7.7(c))

4. Confirmation of areas selected for measurement results in the mean porosity value

Lead pools size

Following procedure was used to determine the size range of lead pools:

1. Measurement of the length and width of five large lead pools within the selected

section
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Figure 7.7: Technique applied for porosity measurement: (a) capture of section, (b)
threshold setting, (c) areas selected for porosity measurement highlighted in colour

2. Measurement of the length and width of five small lead pools within the selected

section

3. Calculation of the average size of the small and large lead pools results in the

range between the average size of the small and large lead pools

7.5 Results and discussion

The main causes that lead to defects in bronze/steel bimetal strips for plain bearings

are numerous, and often multiple causes can simultaneously contribute to the defect.

The results of this study summarised in Figure 7.8(a) show that the types of defects

which occurred most frequently in the examined samples were porosity (app. 46%),

poor bond (28%), and incorrect microstructure (coarse bronze grains and coarse or

non-homogenously distributed lead or bismuth pools) (app. 13%), while other types

of defects were much less common such as residual particles (3%), out of specification

bronze hardness (app. 3%), excessive lead movement (app. 3%), out of specification

dimensional characteristics (app. 2%), lining cracks (app. 2%), blow holes (< 1%) and

particle inclusions (< 1%).

In the following analysis all defects related to the sintering of bronze onto a steel

backing with their causes and prevention controls are described. Material defects which

were detected during the investigation are structured into a fault tree analysis (FTA)

for the description of the constructed fault tree root causes. A fault tree is a logical
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Figure 7.8: Percentage occurrence of (a) different defects, (b) location in bimetal

diagram similar to a family tree, in which possible events lead to a major event. The

desired or undesired main event is positioned at the top of the diagram and is called

top event [156]. In this study, the top event is titled sintered bronze/steel bimetal strip

defect. The defect types were categorised according to their location of occurrence: (1)

bond line defect (delamination), (2) bronze lining structure defect, (3) bronze lining

surface defect and (4) bimetal (dimensional) defects. Figure 7.8(b) summarises the

occurrence of defects according to their location in the bimetal. Delamination defects

(28%) are buried below the surface and therefore not detectable. All lining defects

(65%) require examination under the microscope in the laboratory to get detected.

Dimensional defects (2%) require in-line measurements with gages and additionally

lining to steel thickness ratio measurement under the microscope for inspection. Only

surface defects (2%) can be detected with the naked eye. This shows the importance to

prevent defects from happening in the first place. The FTA diagram in Figure 7.9 for

material defects in sintered bronze/steel bimetal strips can be used by manufacturing

engineers in practice for problem solving.

7.5.1 Delamination

Characterisation

Delamination can result in failure of a bearing in service. In an ideal process, the

material would be made with zero bond line defects.

Figure 7.10 shows SB10 and SB20 with different degrees of bond delamination. An
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Figure 7.9: Fault tree analysis (FTA) of sintered bronze/steel bimetal strip defects
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Figure 7.10: SB10 with different lining to steel bond delamination length ratios (a) > 5
and ≤ 10%, (b) > 10 and ≤ 20%, (c) > 20%, (d) SB20 lining to steel bond delamination
length ratio > 20%, (e) SB20 lining shear plane delamination ratio > 20% in the field
of view of the micro sample

ideal bond delamination length would be zero. Figure 7.10(a) shows no continuous

delamination longer than 1 mm and a bond delamination ratio between 5 and 10% for

SB10. Figure 7.10(b) shows a bond delamination length ratio for SB10 between 10 and

20% and Figure 7.10(c) above 20%, in which the continuous delamination is less than

1 mm length. Figure 7.10(d) shows a bond delamination length ratio above 20% in

SB20 material. Sometimes the delamination can occur just above the bronze to steel

interface and this is known as shear plane delamination and is shown in Figure 7.10(e)

for SB20 with a delamination length ratio above 20%.

Causes and prevention controls

Delamination can be caused by insufficient sintering time and temperature, which is

required for the diffusion between powder particles, and the powder particles to the

steel backing. Insufficient cleaning of the steel before linishing may leave a layer of

contamination and preservative oil between powder and steel which prevents bond.

Poor degree of linishing can lead to reduced surface area for bonding and the presence

of a thin oxidised skin on the steel surface. Excessive time between linishing and

powdering, as well as between sintering and resintering, compounds the oxidised steel
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surface. Moisture in the powder can lead to oxidation which can be the root cause for

delamination. Excessive stretch at compaction rolling operation can lead to shear at

the bondline resulting in delamination. Damaged integrity of the furnace can lead to

air ingress with O2 and H2O which compromises the reducing atmosphere and can act

as oxidising agents for the steel and powder. Direct contact between iron in the steel

and phosphorous in the powder can form Fe3P at the bond line, which can also result

in delamination.

7.5.2 Bronze lining structure defects

It is important for optimum structural properties to ensure the material is correctly

sintered, which can be monitored by examining the microstructure. Undesirable char-

acteristics in the sinter structure are porosity, coarse grain structure, large lead or

bismuth pools and residual bronze particles.

Porosity

Characterisation Porosity can lead to early fatigue failures as pores may act as

crack initiation sites. This is further exacerbated if the pores are joined or adjacent.

For bearing applications where overlay plating is required, porosity can retain moisture

during the plating process which can result in blistering and early failure of the plated

overlay. Porosity assessment in this study was carried out using image analysis. The

maximum acceptable porosity depends on bronze alloy type and engine application.

Figure 7.11(a) shows porosity for SB10 below 1%. Figure 7.11(b) shows 3% porosity,

and 5% porosity is shown in Figure 7.11(c). Low porosity with only 0.4% for SB20 is

shown in Figure 7.11(d). Figure 7.11(e) shows 2.0% porosity and Figure 7.11(f) 3.0%

respectively.

Causes and prevention controls A porosity higher than expected level can be

the result of numerous reasons, among them the most important ones are input ma-

terial characteristics (powder particle size and distribution), rolling related parameters

(stress, roll size, speed), temperature stability that results in a variation in degree of
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Figure 7.11: Different porosity SB10 (a) 1%, (b) 3%, (c) 5% and SB20 (d) 0.4%, (e)
2.0% and (f) 3.0%

sinter and shrinkage, lead or bismuth sweat if it remains on the surface and is not pulled

back into the lining by capillary action. Excessive steel ductility can cause porosity, if

the bronze layer work hardens more than the steel, and the steel stretches before the

bronze reaches a desired density. Under-compaction during inter-sinter rolling opera-

tions will result in porosity. Taper or variation in the as laid powder layer thickness

can result in porosity at the strip positions with a thinner powder layer. It was found

that if these influencing factors are not controlled, excessive steel stretch and porosity

can occur in all material dimensions.

Over-sinter

Characterisation Over sinter is due to excessive time at temperature or excessive

temperature at given time. It is characterised by excessive growth of bronze grains

and coarse lead or bismuth pools. Macro examination of the surface can often show

a crazed or cracked surface on the bronze lining. In this study, the lead grain size is

measured along the longest cross section. The maximum allowed lead grain size (long

axis) is based on empirical testing in engine applications. Figure 7.12 shows SB10 with

lead pools in different sizes within the CuSn matrix. The ideal size of free lead pools is

between 5-50 µm, shown in Figure 11(a). Lead pools up to a size of 120 µm are shown
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Figure 7.12: SB10 Dual phase structure with CuSn matrix surrounding lead pools with
different sizes (a) 5-50 µm, (b) up to 120 µm, (c) up to 150 µm and (d) eutectoid phase

in Figure 7.12(b). Figure 7.12(c) shows free lead pools up to 150 µm size. Coarse lead

pools can often be accompanied by porosity as shown in Figure 7.12(c). Figure 7.12(c)

also shows a silvery blue eutectoid phase, which is relatively hard and brittle and not

ideal in sintered bronze bearing materials. An enlargement of the eutectoid phase is

shown in Figure 7.12(d). Although all eutectic phases (alpha, beta, gamma, delta,

epsilon and zeta) can be formed at any temperature above 798◦C according to the

Cu-Sn phase diagram in Figure 7.4, they usually occur together with excessive growth

of bronze grains and coarse lead or bismuth pools.

Causes and prevention controls Slower than planned line speed at correct tem-

perature in furnace leads to over-sintering. Variation in temperature in the furnace can

lead to over-sintering. In gas furnaces, this might be caused by gas burners switch-

ing on and off. In induction furnaces, the heat profile across the width of the strips

can be uneven. Down strip temperature variation can be caused by manual control

of potentiometer settings and the use of non-contact temperature measurements. Fur-

thermore batch to batch powder variation particularly for phosphorous or tin content

and variation in particle size can lead to over-sintering.

Under-sinter

Characterisation An under-sintered structure is when examination under the mi-

croscope still shows evidence of the original spherical structure of the bronze particles

prior to sintering. At the extreme end of the under-sintered range, residual particles

(RP) may be present which are defined as particles with less than 50% of their surface

bonded. Ideally a sintered structure would have zero incidences of RPs, but some par-
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Figure 7.13: SB10 with < 50% of their particle surface bonded (a) 0 RPs, (b) 5 RPs,
(c) > 5 RPs and SB20 with different number of particles (d) 0 RPs, e) > 3 RPs

ticles in a field of view of a sintered microstructure may be allowable. The number of

RPs for sintered bronze is determined by counting their occurrence on the field of view

in a defined length of a micro sample. Figure 7.13 shows SB10 and SB20 with different

numbers of RPs. Ideal SB10 microstructure with no RPs is shown in Figure 7.13(a),

while in Figure 7.13(b) 5 RPs and in Figure 7.13(c) more than 5 RPs as a result of

under-sintering are visible. Figure 7.13(d) shows SB20 without RPs and Figure 7.13(e)

with more than 3 RPs above the bond line.

Causes and prevention controls Under-sintering can often be caused by the same

process variations that lead to over-sintering, if the parameters shift to the opposite

extreme. These parameters are excessive line speed at correct temperature, tempera-

ture variations in the furnace, uneven heat profile across the width of strips, batch to

batch powder variation regarding phosphorous or tin content and variation in particle

size that might lead to under-sintering. Furthermore lack of physical contact between

particles caused by under-compaction leads to under-sintering. Excessive oxidation or

moisture of the powder, which is unable to be fully reduced during the sintering process,

as well as powder contamination by compounds that coat the bronze particle surface,

might cause under-sintering.
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7.5.3 Bronze lining surface defects

Material flaws that result from incorrect processing and can be visually examined are

surface sweat of low melting point additives, contamination from furnace debris, blow-

holes and lining cracks. Scoring can be caused by any point of contact between material

and manufacturing equipment.

Surface sweat of low melting point additives

Characterisation During the resintering operation the low melting point materials,

lead or bismuth, melt at 327.5◦C and 271.4◦C respectively, well below the sintering

temperature. These metals can form liquid globules on the surface of the strips. Their

presence at the surface can be detrimental to the performance of the material. The

assessment of the extent to which lead has come out onto the lining surface during

resintering is examined visually. Figure 7.14(a) shows SB10 lining surface without

trace of lead on the surface. There are two cases of lead movement. The first case

is when lead is remaining on the lining surface after resintering. Figure 7.14(b) shows

marginal lead remaining on the surface after resintering, Figure 7.14(c) shows increased

lead residue and Figure 7.14(d) shows excessive lead residue on the lining surface after

resintering. In ideal circumstances, when the strip remains flat and the cooling rate

is slow enough, capillary action pulls the lead back into the lining and leaves only a

witness mark on the lining surface, which is the second case. Figure 7.14(e) shows such

witness marks on the lining surface. Depending on the severity of lead movement, this

can result in porosity, especially in case when lead remains on the surface and is not

pulled back into the lining by capillary action.

Causes and prevention controls Lead sweat can be caused by over-compaction of

the bronze. Due to the plastic deformation of the bronze during compaction rolling,

the lead is under pressure. When the strip is heated during resintering, the lead be-

comes liquid and expands as a result of the higher volumetric coefficient of liquid metal

compared to the solid bronze matrix and therefore sweats out on to the surface of the

strip. If the cooling conditions are suitable and the strip has remained flat so that
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Figure 7.14: Bronze lead movement (a) no lead residue, (b) marginal lead residue, (c)
increased lead residue, (d) excessive lead residue, (e) evidence of lead that was drawn
back into lining by capillary action

the lead has not run off its original position, then the lead can be pulled back into

the original space by capillary action. However, if the strip has moved, then it is not

possible to be drawn back in to the lining, leaving the lead exposed on the surface and

porosity in the material where the lead vacated. High oxide content of the powder

results in excessive lead movement. Oxygen in the powder may reacts with hydrogen

in the furnace atmosphere, resulting in the formation of H2O gas in the powder lining.

This results in vapour pressure, which may push the lead out of the matrix on to the

lining surface during the resintering process.

Blowholes

Characterisation Blowholes are defined as smooth-walled cavities with a spherical

shape of more than 1 mm in diameter in the sintered bronze lining surface and may be

deep enough that an area of bare steel can be visible. Blowholes are often prevalent in

leaded bronze, but are normally not found in lead free bronze. Figure 7.15(a) shows a

blowhole of approximately 10 mm diameter in SB10 material.

Causes and prevention controls Blowholes are usually caused by particulate con-

tamination in the powder, which can react with lead present resulting in an exothermic
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Figure 7.15: Photographs (a) circular blowhole of approx. 10 mm diameter, (b) lining
shrinkage cracks (c) scoring

reaction. This can cause a hole to be formed in the bronze lining, which is surrounded

by an area of loosely bonded powder. The exothermic reaction can result in the con-

taminant particle being ejected from the hole. Sometimes the ejected particle can be

found lying loose on the strip surface near to the blowhole. The particles disintegrate

into fine powder when a force is applied. Figure 7.16(a) shows a SEM image and Figure

7.16(b) elemental identification and quantitative composition from energy dispersive X-

ray analysis (EDAX) that was used to identify and quantify compositional information

from the impurity deposits. The presence of various light elements including Si, Ca,

Al, Ti, Mg, O and Fe were found in the samples. The chemical footprint was similar

to that of the refractory crucibles and cements used in the powder manufacturing pro-

cess. Molten lead has an aggressive effect on the crucible, creating a ring of erosion of

the crucible material around the top of the melt. This can result in particles of the

eroded crucible contaminating the final powder. The presence of any moisture associ-

ated with the contaminant particles can result in trapped water vapour, which ejects

the contaminant particle and leaves a blow hole.

Lining cracks

Characterisation Figure 7.15(b) shows lining surface cracks that exceed more than

10 mm length.

Causes and prevention controls Bronze surface cracks are often caused by over-

sintering, or disruption of the powdering or sintering process.
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Figure 7.16: (a) SEM image of particle ejected from blowhole, (b) EDAX showing
presence of C, Ca, O2, Ti, Fe, Al, Si

Lining scoring

Characterisation Scoring of the bronze or the steel layers can occur during the strip

manufacturing process. An example of scored bronze is shown in Figure 7.15(c). Scoring

of the steel can cause poor back contact in the application and localised overheating.

Scoring of the bronze layer can cause an initiation site for fatigue, cavitation erosion

or flow erosion.

Causes and prevention controls Sinter furnaces are often long, comprising of

many different components (flatteners, support rollers, tensioners, hold down rollers,

powder dies, weir plates or measuring devices). Any points of contact between the

surface of the strip and the furnace components are potential causes of scoring.

7.5.4 Dimensional defects

Characterisation

Bimetal strips are usually planned to customer requirements for manufacturing bushes

or half shell bearings. The overall thickness must be correct and within the specified

tolerance, typically +/− 0.05mm for bearing applications and +/− 0.02mm for bush

applications. As well as the bimetal thickness tolerance, it is important that the steel

and lining thickness are also correct to their specified tolerances. Typically a maximum

steel thickness is specified, since many bearing or bush components are bored, therefore
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it is important that there is a minimum specified lining thickness left after the boring

operation.

Causes and prevention controls

Dimensional defects can be caused by poor measuring techniques at the compaction

rolling or final rolling operations, poor process capability of the rolling mill, poor plan-

ning of steel thickness, poor planning of as laid lining thickness or incorrect calculation

of the percentage stretch of steel during the compaction and final rolling operations.

7.6 Conclusion

The results obtained by examination of defects established the main defect types that

occur in high volume production of serial sintered bronze/steel bimetal strips. Estab-

lishment of main defect types facilitated the determination of prevention controls for

their reduction or elimination and thus reducing scrap and the risk that components

fail in the field. Furthermore, help for process engineers and technicians to determine

the root cause for defects in serial production is provided by the fault tree analysis.

Based on the obtained results, it can be concluded that most frequent defect types

are porosity (app. 46%), delamination (app. 28%) and incorrect microstructure (app.

13%). Therefore these defects are the most important defects that need to be consid-

ered in the development of an online NDT technique. Other defects (hardness, lead

movement, dimensional, cracks, blowholes, particle inclusions) are less frequent, but

can still significantly impair the material performance. The type of bronze lining has

an effect on the occurrence of certain defect types under the same or similar manufac-

turing conditions. Surface sweat of lead and blowholes occur only in leaded bronze,

while all other defects were observed in leaded as well as lead-free bronze. The most

significant defects porosity and delamination were considered for the NDT feasibility

study with the prototype EMAT guided wave inspection system.
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Chapter 8

CuSn/steel bimetal strip online

inspection feasibility study

In this chapter, the second project stream to reduce the business risk that CuSn/steel

bimetal components fail in the field by 100% volumetric material NDT is described.

Early defect detection would allow for the correction of the manufacturing process and

thus the reduction of the defective material. The prototype online bond inspection sys-

tem using guided waves generated with EMATs was employed for CuSn/steel bimetal

strip inspection while the strips were processed continuously. Lamb phase and group

velocity dispersion curves for CuSn/steel bimetal were calculated in the SAFE method

and experimentally verified to identify potential wave modes for inspection. Online

inspection trial results of full length defect-free and defective strips were statistically

analysed and an alarm threshold for serial inspection was determined. The most impor-

tant result is that the guided wave inspection system is able to online detect porosity

defects above 3.1% and bond defects larger than 10 x 10 mm area or 20% of the bond

interface in a harsh serial production environment, which nowadays are only detectable

with destructive testing. The content of this chapter is based on the author’s jour-

nal article Development of S1 guided wave mode using EMATs for online inspection

of porosity and delamination defects in CuSn/steel bimetal strip production, which is

currently under review in the Journal of Nondestructive Evaluation.
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8.1 Introduction

In the previous chapter it was highlighted that there is a need to develop an automated,

online inspection technique to examine the quality of bronze/steel bimetal strips pro-

duced by the continuous sintering, compaction rolling, and resintering process. The

development of the online inspection system for CuSn/steel bimetal is focusing on the

detection of porosity and delamination defects, which combined account for about 74%

of all defects in serial production. The same online prototype inspection system, which

was used for Al/Al-Sn/Al/strips, was used for this case study. This work builds on

previous research outcomes and addresses the questions, whether guided waves can be

generated in sintered bronze/steel bimetal, which wave modes are most suitable for

practical inspection, establish the system sensitivity to detect porosity and delamina-

tion defects and if online inspection is feasible.

8.2 Experimental procedure

8.2.1 Guided wave propagation analysis

The inspection experiments were set up in the pitch and catch configuration as shown

schematically in Figure 8.1(a). The transducers were positioned at the steel side on

opposite sides of the strip. Figure 8.1(b) is a schematic of the EMAT transducer and

its interaction with the bimetallic sample. The functional principle of guided waves

generated in the material using EMATs is the same as described in chapter 4.

Table 8.1 summarises the material properties considered for the guided wave prop-

agation analysis. Two sample types with the same chemical composition of the bronze

lining, but different steel types and dimensional characteristics were considered.

The Lamb phase and group velocity dispersion curves for CuSn8Ni1/steel bimetal

in this study were calculated using the SAFE method and identified various wave modes

that appeared to be good candidates for inspection. Excitation lines for the employed

wavelengths are drawn on the phase velocity dispersion curves. The wave mode at the

intersection between the excitation line and the phase velocity dispersion curve will

160



Chapter 8. CuSn/steel bimetal strip online inspection feasibility study

Figure 8.1: Schematic of EMAT transducers generating and receiving guided waves in
CuSn8Ni1/steel bimetal plates: (a) sound path; (b) interaction with material

Table 8.1: Material properties of sintered CuSn8Ni bronze/steel bimetal samples
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Figure 8.2: A-scan for (a) defect free and (b) defective bronze/steel bimetal plates

be efficiently excited when the corresponding frequency is used. The wavelength was

controlled by the period of the meander coil. Since the prototype system discussed in

this paper will be industrialised as a commercial product, the wavelengths and frequen-

cies of the employed wave modes are not revealed. Instead, the different wavelengths

are described with variables A-C, and used frequencies with letters T-Z. The empiri-

cal relationship between defects and guided waves in all experiments is when guided

waves encounter a defect, this causes destructive interference, which converts incident

wave energy into radiation energy in all directions, which results in attenuation. The

remaining wave energy that propagates to the receiving EMAT transducer decreases,

which is measured and shown as a lower signal amplitude in the A-scan. Figure 8.2(a)

shows an A-scan of a sample with good quality and reference amplitude. Figure 8.2(b)

shows how the amplitude drops for a defective sample relative to the reference ampli-

tude for a defect-free sample. During inspection, the maximum amplitude within the

TOF filtering gates is used to indicate defective material with the attenuation method.

8.2.2 Experimental set up

The industrial strip processing line and prototype inspection system that was used for

the experiments is shown in Figure 8.3. The bronze/steel bimetal strip is under tension

between the coiler and uncoiler. The coiler applies a force to pull the strip and the

uncoiler continuously provides the strip for inspection and applies back tension. A

rolling mill is used to only touch roll and guide the strip to the EMAT probes, which

are mounted onto a probe assembly frame directly below the strip. The assembly frame
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Figure 8.3: Industrial strip processing line with installed prototype EMAT inspection
system

contains remote signal conditioning boxes to connect the probes to the DAQ system,

and pneumatic components for passive compliance between the probes and moving

strip. Wear plates that are in sliding contact with the steel protect the probe surfaces.

The DAQ system has a programmable temate R© software installed, which was used for

data processing, analysing and presenting. The same temate R© software as introduced

in section 6.1.2 was used for this feasibility study.

8.2.3 Sample preparation

All sintered bronze/steel bimetal strip samples in this study were produced on the

continuous sintering, compaction rolling, and resintering production plant at MAHLE

Kilmarnock, Scotland. The sample manufacturing process was the same as described

in chapter 7.2. Table 8.2 summarises the samples that were used in this study. GQR-I

is a good quality reference plate of sample type I and was produced without altering

the process, GQR-II was used as reference for sample type II. Sample AWOL-I had a

60 mm diameter area of a disk without bronze lining, which was vacuumed after the

powder layer was spread and before the area of the strip entered the sinter furnace. For

sample BS-I, no powder was spread to obtain bare steel, which has the same thickness

as in a sample type I bimetal. Various defective type II samples were obtained from

production, which contained different degrees of porosity defects. NCS-II-P1 was a

non-conformance sample with max. 0.21% porosity in a local area, NCPS-II-P2 had
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Table 8.2: Sintered bronze/steel bimetal samples for inspection

max. 3.1% porosity and NCPS-II-P3 max 7.11% porosity. In sample ADT-II-100x20,

a delamination defect in the shape of a triangle with 100 mm height and 20 mm width

was deliberately implanted using a 1-methoxy-2-propanol / aluminium heat resistant

liquid. SPS-II-R was a 45 m long strip from serial production without any known defects

and was used as good quality serial production reference strip for type II dimensional

characteristics. Strip NCS-II-D was 59 m long and was obtained from serial production.

It has delamination spots throughout the coil. Micrographs were taken from all samples

after non-destructive testing was completed to correlate the results. Figure 8.4 shows

photographs of the samples that were used in this study. The defective areas are

highlighted.

8.3 Results and discussion

8.3.1 Wave mode selection

For the identification and selection of potential wave modes that are suitable for prac-

tical inspection, a comparison study of A0, S0, A1, S1, A2 and S2 modes for sample

type I was done. The phase and group velocity curves shown in Figure 8.5 were cal-

culated in the SAFE method as described in chapter 4.2. The same wavelength A

was used in all experiments, and the excitation line is drawn on the phase velocity

dispersion curve. Each wave mode at the intersection between the excitation line and

the phase velocity dispersion curve was excited when the corresponding frequency was

used. The group velocity curve provided valuable information about dispersion of the

164



Chapter 8. CuSn/steel bimetal strip online inspection feasibility study

Figure 8.4: Photographs of samples indicating the defective areas

wave mode. For each wave mode, A-scans were obtained and systematically compared

for samples GQR-I, AWOL-I and BS-I. The selection of the best candidate was based

on the criteria non-dispersive, low attenuation, high defect sensitivity and good wave

mode detectability.

The phase and group velocities for each frequency and wavelength in bimetal and

bare steel for sample type I are summarised in Table 8.3. The group velocity was

used to identify wave modes by calculating their time-of-flight and comparing it to the

observed time of arrival. Figure 8.6 shows the A-scans for samples GQR-I, AWOL-I

and BS-I and modes A0, S0, A1, S1, A2 and S2.

It was possible to excite a pure A0 wave mode in samples GQR-I, AWOL-I and BS-I.

Since the A0 frequency T in bimetal is similar to the A0 frequency in bare steel (0.651

MHz) for the same wavelength A, and the group velocity in bare steel is 3.16 mm/s

compared to 3.03 mm/s in bimetal, the envelope of the ultrasonic pulse in steel arrives

earlier than the 32 to 51 s bimetal inspection time gate. Therefore, A0 is not suitable for

inspection, as the signal for bare steel could be easily misinterpreted as flawless bimetal.
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Figure 8.5: Sample type I: (a) sintered bronze/steel bimetal phase velocity curve and
(b) group velocity curve, (c) bare steel phase and (d) group velocity curve (supplied by
Innerspec)
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Figure 8.6: Sample type I: A0, S0, A1, S1, A2 and S2 wave modes in GQR-I, AWOL-I
and BS-I samples
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Table 8.3: Phase and group velocity for modes A0, S0, A1, S1, A2, S2 and wavelength
A in sample type I bare steel and sintered bronze/steel bimetal sheets

Modes S0 and A1 have similar excitation frequencies V and W in bimetal, therefore

interference between the two modes was observed. S0 and A1 both have a steep gradient

in the group velocity curve, which is explaining that the modes are dispersive. S0 is

sensitive to detect defects, but 30 dB gain was required due to attenuation. Although

the bimetal frequency V is similar to the S0 1,327 MHz frequency in steel, the S0 group

velocity in bare steel is 2.87 mm/s and relatively high compared to 2.03 mm/s for S0

in bimetal, and therefore S0 in sample BS-I already arrives between 27 and 33 s, which

is out of the 56 and 64 s bimetal inspection time gate. On the contrary, S0 in bare

steel arrives in the same 29 to 33 s time gate for A1 mode in bimetal, therefore A1

is not suitable for inspection. S1 at frequency X offers excellent sensitivity to detect

defects, with the lowest attenuation of all tested modes and a used gain of -4 dB. The

envelope of the ultrasonic pulse is narrow and allows easy detectability, since the mode

is non-dispersive as can be seen in the bimetal group velocity curve. When exciting

wave modes A2 and S2 in bimetal, interference of multiple modes can be observed since

frequencies Y and Z are similar, which makes unambiguous differentiation of the modes

difficult. Both modes are sensitive to the defect in sample AWOL-I, but S2 frequency

also excites S1 in bare steel, and therefore BS-I could be misinterpreted as good quality.

A2 and S2 are both dispersive in bimetal. The characteristics of wave modes A0, S0,

A1, S1, A2 and S2 were rated between 1 and 3 in the decision matrix shown in Table

8.4 and the result was that wave mode S1 is most suitable for practical inspection of
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Table 8.4: Decision matrix for the selection of the most suitable wave mode for inspec-
tion (higher is better)

Table 8.5: Phase and group velocity for mode S1 and wavelengths A, B and C in sample
type II

sintered bronze/steel bimetal.

8.3.2 Wave mode optimisation using non-conformance samples

Sample type I defects were self-evident to detect, and their purpose was to validate that

guided wave modes can propagate either in bimetal or steel only. Non-conformance

samples of type II with more sophisticated defects were obtained from production to

optimise the frequency and wavelength of the selected S1 inspection mode. Three

different wavelengths A, B and C appeared to have suitable inspection points; their

excitation line was drawn on the phase velocity dispersion curve in Figure 8.7(a) to

mark the intersection with the phase velocity curve. This determined the frequency at

which mode S1 is excited for wavelengths A, B and C. Figure 8.7(b) shows the group

velocity curve for mode S1 and wavelength B in sample type II. For each wavelength,

A-scans were obtained and systematically compared for samples GQR-II, NCS-II-P1,

NCS-II-P2 and NCS-II-P3. The selection of the best candidate was based on the

criteria non-dispersive, low attenuation, high defect sensitivity and good wave mode

detectability. The calculated phase and group velocities for mode S1 and wavelengths

A, B and C that were used for the mode identification are summarised in Table 8.5.

Figure 8.8 shows the A-scans that were obtained for the various wavelengths and

samples. It can be seen that mode S1 and wavelength A is non-dispersive, has low
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Figure 8.7: Sample type II: (a) sintered bronze/steel bimetal velocity curve indicating
inspection points for wavelengths A, B and C, (b) group velocity curve for wavelength
B (supplied by Innerspec)
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Figure 8.8: Sample type II: S1 mode with wavelength A, B and C (frequencies T, V
and W) for samples GQR-II, NCS-II-P1, NCS-II-P2 and NCS-II-P3

attenuation and good detectability, but sensitivity for the defects is moderate. Mode S1

and wavelength B in contrary is most sensitive to the defects compared to wavelengths

A and C, while attenuation is low (-1 dB) and the wave mode is easily detectable.

Wavelength C is dispersive compared to wavelength B, which can be seen by the wider

envelope of the ultrasonic pulse. It can be seen that another wave mode, A2, gets

excited in the samples when wavelength C and frequency V is used, which arrives

later than the set inspection gate between 26 and 48 s. When exciting mode S1 and

wavelength C, interference of multiple modes was observed, this makes unambiguous

detection of mode S1 difficult. Furthermore wavelength C is dispersive and has a high

attenuation, 25 dB gain had to be used to amplify the signal for sample GQR-II to

obtain 100% relative amplitude. Figure 8.9 plots the median and quartiles of the relative

amplitudes that were measured in samples GQR-II and the non-conformance porosity

defect samples NCS-II-P1, NCS-II-P2 and NCS-II-P3 using the different wavelengths

A, B and C (frequencies T, V and W) for wave mode S1. Each sample was measured
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Figure 8.9: Boxplot of measured amplitude for samples GQR-II, NCS-II-P1, NCS-II-P2
and NCS-II-P3 when scanned through the sensors for S1 mode and different wavelengths
A, B and C

ten times. When comparing the relative amplitude per defect for wavelengths A and B,

it can be seen that sensitivity for samples NCS-II-P1 and NCS-II-P2 are comparable,

but wavelength B is most sensitive to NCS-II-P3, while signal variance due to noise

for sample GQR-II is low. The amplitude increase for wavelength C in samples NCS-

II-P1 and NCS-II-P2 is likely caused by constructive/deconstructive interference of

the different modes caused by the porosity defect and noise due to the high gain.

When using only a lower than the reference amplitude alarm threshold, these defects

would remain undetected for wavelength C. Therefore wave mode S1 and wavelength

B (and frequency V) is most suitable for practical inspection of porosity defects. The

detectability of defects depends on the alarm threshold, which is further discussed in

the following sections.

Once non-destructive testing of samples GQR-II, NCS-II-P1, NCS-II-P2, NCS-II-P3

was completed, micrographs were taken to assess the condition of the control sample and

percentage of porosity in samples NCS-II-P1, NCS-II-P2, NCS-II-P3. The micrographs

are shown in Figure 8.10. In total three micrographs per sample were assessed, one

in the centre of the defect, and one to the left and one to the right adjacent to the

defective area. The micrographs for sample GQR-II show that the sample is flawless,
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Figure 8.10: GQR-II, NCS-II-P1, NCS-II-P2 and NCS-II-P3 micrographs

and therefore it was suitable as a control sample. The defect shown in Figure 8.4 for

sample NCS-II-P1 appeared to be only superficial, as no trace of it was found in the

micro sections. This is in line with the measured amplitude in the boxplot, which is

not significantly different from sample GQR-II for wavelength B. Sample NCS-II-P2

had max. 3.1% porosity and sample NCS-II-P3 had up to 7.11% porosity.

Since mode S1, wavelength B and frequency V performed best for porosity defects,

the same mode was employed for further studying of the delamination type defect

in sample ADT-I-100x20. Figure 8.11 plots the signal amplitude relative to the dis-

tance from the start of the measurement and the theoretical delamination width. The

measurement points between 0 to 90 mm were good quality and the amplitude was

approximately 100%. Between 90 to 140 mm distance from start of measurement, the

theoretical delamination width of the triangle increased to 10 mm, but the measured
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Figure 8.11: Relative amplitude of through transmission guided wave signal for sample
ADT-II-100x20, S1 mode and wavelength B

amplitude was not significantly different, hence delamination defects would remain

undetected. For delamination width between 10 and 20 mm, the amplitude drops sig-

nificantly and there is a correlation between delamination width and amplitude. A

debonded interface larger than 10 mm x 10 mm is likely to be detected due to the sig-

nificant amplitude drop. In order to assess the bond interface, in total 18 micro samples

at 0, 20, 40, 60, 80 and 100 mm height of the tringle were taken. Each micro sample

measured 20 mm width. The microscope field of view at x50 magnification was about

2400 µm, and eight micrographs across the width of each micro sample were taken to

cover the complete width of the delamination triangle. The micrographs are shown

in Figure 8.12. It can be seen that the actual debonded interface width is broadly in

line with the theoretical width of the deliberately implanted delamination triangle, and

that only starting at h = 40 mm the bond interface would not have been acceptable.

The step change in delamination between h = 20 mm and h = 40 mm is also in line

with the amplitude drop at this position of the triangle. Furthermore it can be seen,

that there are only debonded spots, but the debonded interface is not continuous.
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Figure 8.12: Sample ADT-II-100x20 micrographs at h = 0, 20, 40, 60, 80 and 100 mm
comparing the actual and theoretical delamination width
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Figure 8.13: Maximum A-scan trace for samples SPS-II-R and NCS-II-D online inspec-
tion trials

8.3.3 Online inspection

Wave mode S1, wavelength B and frequency V were employed for online inspection of

reference strip SPS-II-R and defective strip SPS-II-D with non-conformance delamina-

tion. Figure 8.13 shows the maximum A-scan trace for both samples. For SPS-II-R,

the mean µ = 99.43% and standard deviation δ = 4.65% were calculated. 99.73% of

the measured values lie between three standard deviations of the mean. The 113.68%

upper limit UL (µ + 3*δ) and 85.48% lower limit LL (µ - 3*δ) are considered as signal

variation for good quality due to local material property changes and electrical noise.

Signals below LL are considered as defective; therefore a lower alarm threshold was

set at 85.5%. Since the amplitude for NCS-II-D dropped significantly below the alarm

threshold, it was expected that there were delamination defects at these positions.

Once guided waves inspection of SPS-II-D was completed, in total 33 micro sections at

x500 magnification (2,640 fields of views) were assessed to determine the percentage of

delamination and plot it relative to the measured signal amplitude. At each down strip

position where the amplitude dropped, three samples were cut, one at the left edge,

centre and right edge location of the strip. The strip positions where the microsamples

were taken were at the relative amplitudes 81%, 70%, 64%, 58%, 54%, 44%, 37%,

29% and 21%. Each micro section showed l = 20 mm bond interface, in total 60 mm
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bond interface were inspected at each location of h. The delamination percentage was

calculated as per Equation 7.1 and as average of in total three samples, one from the

left edge, one from the centre and one from the right edge of the sheet.

Figure 8.14 plots the relative amplitude and percentage of delamination. Four

quadrants were defined, which are (1) acceptable bond/above threshold, (2) accept-

able bond/below threshold, (3) non-conformance bond/below threshold and (4) non-

conformance bond/above threshold. According to the current materials standard, the

maximum acceptable delamination is 20%. The alarm threshold SPS-R-II LL was

85.5%. These thresholds confine the four quadrants. Sample GWR-II had 2.5% delam-

ination and 100% relative amplitude, and is therefore in quadrant 1. Any data points in

quadrant 2 would be false alarm, since the bond quality would be within specification,

but the amplitude dropped below the alarm threshold and caused the alarm to scrap

material. There were no data points recorded in quadrant 2. All data points from NCS-

II-D were plotted in quadrant 3, which means that for samples with non-conformance

delamination above 20%, the relative amplitude drops below the threshold and is there-

fore detectable. However, there was no linear correlation between relative amplitude

and delamination percentage observed. Therefore is it not possible to extrapolate the

defect size based on the amplitude drop. Gao et al. (2010) observed the phenomenon

of cyclic relationship between the guided wave response and the delamination width

in guided waves inspection of brass/copper/brass multi-layered sheets, and provided

an explanation based on the theory of wave mode decomposition and recombination.

It appears that also in CuSn8Ni1 bronze/steel the relation between delamination and

signal amplitude has a periodic pattern instead of a monotonic change. There were

no data points recorded in quadrant 4. There are two possible explanations for this,

either the amplitude for all defective material dropped below the threshold and was

therefore plotted in quadrant 3, or due to cyclic behaviour of the amplitude, the de-

fective material was not detected. Further work based on FEM simulation would be

necessary to confirm the existence and determine the period of the cyclic behaviour.

In this case, a two-channel technique with complementary performance to detect de-

lamination of all sizes could be developed. Based on the inspection results from sample
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Figure 8.14: Scatter plot diagram of relative amplitude and delamination percentage
for samples GQR-II and NCS-II-D

ADT-100x20 and NCS-II-D, the current inspection prototype system is capable to on-

line detect delamination larger than 10x10 mm area or 20% delamination across the

width of strips.

8.3.4 Serial inspection alarm threshold

The ideal defect alarm threshold as a percentage of good bond reference amplitude is a

balancing act between maximising the sensitivity to detect defects and minimising the

false alarm rate. The signal variation in defect free strips is due to local material prop-

erty changes such as thickness variation, porosity or delamination within specification

and electrical noise. Based on the signal variation for sample SPS-II-R in Figure 8.13,

and the 85.48% LL alarm threshold, the false alarm rate would be 0.27%, which is rea-

sonably low and considered acceptable. Based on this threshold, mode S1, wavelength

B and frequency V, porosity defects above 3.1% in a narrow area, delamination spots in

a 10x10 mm area, or 20% delamination across the width of strips can be detected. The

maximum allowed delamination percentage, without continuous delamination exceed-

ing 0.25 mm, is 20% for the CuSn8Ni bronze/steel bimetals considered in this study.

Hence, the system sensitivity for delamination detection is adequate for the application.

The threshold could be adjusted depending on the required sensitivity and acceptable

false alarm rate.
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8.4 Conclusions

The capability of the EMAT guided waves inspection system to detect porosity and

delamination defects in sintered bronze CuSn/steel bimetal strips was researched. The

technique was successfully employed in the industrial strip processing line for online

inspection. This verifies that the developed NDT technique also works for other strip

types than Al/Al-Sn/Al/steel bimetal. Micrographs of the samples were assessed and

the percentage of porosity and delamination determined. Based on the required defect

sensitivity and acceptable false alarm rate, an alarm threshold as percentage of the

reference amplitude for good quality was determined. The system is capable to detect

delamination and porosity defects that are nowadays only detectable with destructive

testing, while 100% material volume is inspected.
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Chapter 9

Recommendations for the final

inspection system

This chapter summarises the inspection system improvements that were considered in

the serial inspection technical machine specification.

9.1 Place of installation

One of the key questions for the industrialisation of the guided waves inspection system

is the place of installation. For the industrialisation project in the Kilmarnock plant,

three alternatives were considered, which were 1) integration into the A6 continuous

CRB line, 2) integration into an existing machine vision final inspection line (SIC or

Weybridge line), or 3) design and commissioning of a new, dedicated bond defect final

inspection line.

9.1.1 Required inspection line machine components

The minimum required machine components for an inspection line are an uncoiler,

inspection DAQ system, scrap marker and upcoiler. In addition there are optional

machine components, which are required depending on the inspected product type.

For non-silicon containing Al-Sn alloys with high tin content, an interleaf foil coiler

is required. This is because liquid tin globules can form on the lining surface during
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bimetal annealing due to the low tin melting point (231.9 ◦C). In order to avoid contact

with the steel backing, an interleaf foil is coiled between each layer, which must be

removed at final inspection. For Si-containing Al-Sn alloys, which are heat-treated

in the fluidised bed process, a lining brush is required. This is because the ceramic

beads media can under certain circumstances adhere to the Al-Sn lining and needs to

get brushed off. To process coils for export, an oiling station is required to protect

the steel from corrosion. A shear is required to cut inspection samples and cut out

scrap. The usage of existing machinery must be considered in the design of the NDT

inspection system. Furthermore the inspection line must be flexible to inspect different

products.

9.1.2 Criteria for selection of industrialisation scenario

The criteria for the selection of an industrialisation scenario were systematically iden-

tified, analysed and rated in a decision matrix. The decision criteria were categorised

into three categories:

Technological

• Usage of existing machinery

• Difficulty of mechanical integration (access, line speed, vibration, ambient influ-

ences)

• Effect of post rolling bimetal annealing on system sensitivity to detect defects

• 100% volumetric material inspection requirement

• Production line capacity utilisation

Cost of implementation and running cost

• Required capital expenditure

• Variable operating costs (consumables, labour, depreciation)
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Operating excellence

• Flow of material in production

• Impact of inspection machine technical downtime on production efficiency

• Early detection of defects to avoid further value adding

• Readiness for sintered CuSn/steel bimetal inspection

9.1.3 Industrialisation scenarios

Commissioning of a new bond defect inspection line

The development and commissioning of a new sub surface defect inspection line has the

advantage that all machine components could be ideally arranged around the inspection

system. The strip guidance system could be designed in such a way to control the

gap between strips and sensors to avoid false alarms because of lift-off. However, the

required capital expenditure for a complete new line with all required components

was too high and would have made the project not economically viable. Furthermore,

a dedicated bond inspection line would have added an additional process step and

increased manufacturing cost, which could not be passed onto the customer.

Integration into existing CRB line A6

Figure 9.1 shows the continuous CRB line in Kilmarnock that was considered for the

in-process installation of the inspection system. The line has a material buffer between

the CRB mill exit and coiler, which enables the bonding operation to run continuously.

This location was considered for the installation of the inspection system. The main

advantages would be 100% volumetric in-process control directly after bonding, which

would enable correction of the process in case of defects. Furthermore, no additional

inspection operation would be introduced. Disadvantages of this solution are difficult

mechanical integration, because the strips are not permanently under tension, line

speed variation and vibration. As shown in section 5.2.1, the smallest detectable steel

debris defect before bimetal annealing is 5x5 mm compared to 1x1 mm post rolling
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Figure 9.1: Continuous CRB line in Kilmarnock

annealing (final inspection). Furthermore, the inspection system set up time of the

current inspection system would cause additional downtime with a negative impact on

productivity of the continuous CRB line.

Integration into existing machine vision final inspection line SIC

Figure 9.2 shows the SIC machine visual inspection line in Kilmarnock, which was

selected for the serial industrialisation of the guided waves inspection system. The line

has all required machine components to inspect the complete product portfolio, which

minimises the required capital expenditure. The material does not require additional

handling because the visual inspection and bond inspection is carried out in the same

operation, which also minimises the running cost. Both inspection systems, for surface

and bond inspection, will be linked to the scrap marker via a PLC to automatise the

marking of defective strips. Disadvantage of the machine vision inspection line is that

the capacity is not sufficient to inspect 100% of all the material that is produced in

Kilmarnock. However, the modular design of the system will allow that the system
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Figure 9.2: SIC machine vision final inspection line in Kilmarnock

can be transferred to the continuous CRB line in future once the inspection system

has proven its robustness. The solution to integrate the NDT inspection system into

the existing machine vision final inspection line SIC scored highest in the decision

matrix. Therefore it was decided to develop the technical machine specification for the

integration into the machine visual inspection line.

9.2 EMAT arrays and multi lane scrap marker to improve

material yield

Figure 9.3(a) shows a plan view of a pair of EMAT transmitter and receiver that was

used in the prototype machine. This configuration was introduced in section 5.1.3.

The disadvantage of only one pair of EMATs is that defects across the width of strips

cannot be located. This means that when a defect is detected, the full width of the

strip has to be scrap marked. However, strips that are manufactured in the CRB line
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Figure 9.3: EMAT arrays and scrap marker that result in different material yield: (a)
1-channel system and scrap marker with lowest yield in case of a defect, (b) 3-channel
system and multi-lane scrap marker with moderate yield and (c) 4-channel system and
multi-lane scrap marker optimised yield

are up to 310 mm wide and are slit into multiple, more narrow strands. Depending on

the final product, the strip can be slit into three to 15 individual strands. Hence, in

the worst case the bond defect affects only one out of 15 strands (6.7%), but 100% of

the material must be scrapped, which results in a poor yield. This case is illustrated

by the scrap marker that covers the full strip width in Figure 9.3(a).

In order to improve the yield, multiple EMATs could be arranged in a way to cover

smaller inspection areas. In combination with a multi-lane scrap marker, only the

defects that lie in the smaller inspection area get scrap marked. Figure 9.3(b) shows

an EMAT array configuration with two additional inspection channels at the edges. In

the example with a bond defect in the central area of the strip, the yield is improved,

because the edge sensors indicate that the edges are defect-free and therefore would

not get scrap marked.

Figure 9.3(c) shows an additional receiving EMAT in the center line of the strip.

In combination with the full width diagonal inspection channel, it is possible to further

narrow down the location of the defect. Furthermore the EMAT array and multi-lane
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Figure 9.4: Bimetal strip one-side waviness leading to lift-off between material and
probe and resulting in false alarms

scrap marker is flexible to inspect different strip widths, since the distance between the

edge sensors can be adjusted.

A decision matrix was developed to systematically rate the different EMAT ar-

rays. The considered criteria were required capital expenditure for the different number

of sensors, complexity of mechanical integration, scrap/yield percentage and payback

time. The 4-channel array design and scrap marker was chosen because of the highest

yield, which results in the lowest running cost.

9.3 Robust mechanical integration

Online trials revealed that bimetal strips often have one-side waviness and the shape

is not perfectly uniform. Figure 9.4(a) shows an example of strip with one-side wavi-

ness. Strip waviness can lead to lift-off between material end EMATs, if the waviness

wavelength is too short for the EMAT holder passive compliance to compensate. Fig-

ure 9.4(b) shows the resulting lift-off between material and sensor, which causes false

alarms.

In order to compensate for strip shape deviations, a robust three-roll steering stand,

which applies strip tension, is considered in the serial machine technical specification.
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When strip irregularities such as clad Al or steel welds passed the prototype inspection

system, caution was required to not damage the probes of the system. The serial system

will temporarily remove the probes from the strip when the visual system detects welds

to prevent any system damage. Since strip 1 m before and 5 m after welds needs to get

scrap marked because of oil contamination in the weld in any case, 100% volumetric

good material inspection can be guaranteed.
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Chapter 10

Summary and final conclusions

In this chapter the main innovations, industrial impact and suggestions for further work

are concluded.

10.1 Main innovations

I. Identification of a NDT technique that is capable to detect bond defects

in Al/Al-Sn/Al/steel and sintered CuSn/steel bimetal strips

The EngD project was initiated after an incident happened, in which the lining to steel

bond of components failed in the field. It was evident that an online bond inspection

system at the strip manufacturing plant would significantly reduce the business risk

that components fail in the field. In order to identify a NDT technique that is capable

to detect bond defects, firstly, the literature was reviewed to narrow down potential

techniques. Secondly, a feasibility study using thermography, shearography, ultrasound

and guided waves techniques and Al/Al-Sn/Al/steel bimetal samples with artificially

implanted defects was conducted. EMATs and guided waves were selected, because the

technique allows 100% inspection, is contact-less and does not require a coupling media

that would be carried over into the strips. Since no EMAT guided waves inspection

system was available on the market, significant research work between MAHLE Engine

Systems UK, University of Strathclyde and Innerspec High-performance NDT solutions

was undertaken, to develop a prototype machine.
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II. Establishing the inspection system sensitivity to detect bond defects and

capability for in-process control or final inspection

A sample manufacturing technique was developed to replicate significant defects that

occur in serial production. The defects were artificially implanted at known posi-

tions and sizes, which enabled comparison of inspection signals and defect type/size.

Aluminium oxide was used to create delamination between lining and steel in Al/Al-

Sn/Al/steel bimetal. Steel debris was used as foreign particles contamination at the

bond line. A brittle intermetallic layer was formed at the bond line by exceeding the so-

lution heat treatment time. It was found that delamination defects with approximately

1x1 mm area can be detected prior and post rolling annealing, embedded steel debris

with 1x1 mm area can be detected post annealing and 5x5 mm area embedded steel

debris can be detected prior to rolling annealing. The system is not sensitive enough

to detect brittle inter-metallic layers. It was shown that the inspection system can be

installed either as in-process control or as final inspection.

III. Development and installation of a prototype inspection system

Potential practical inspection wave modes were identified by Innersepec through a nu-

merical model using the SAFE method, which provided phase velocity and group ve-

locity curves for bimetal plates to select suitable wave modes. A Finite Element Model

was developed in the commercial software ABAQUS to simulate the interaction of

guided waves with defects. It was found that some wave modes are more sensitive to

defects than others, which helped to narrow down the list of potential wave modes for

inspection experiments and to compare the theory against practical measurements.

IV. Taking measurements on moving bimetal strips with 100% volumetric

inspection

A specific holder was designed to keep the EMATs aligned and at a near constant

distance from the moving strips to allow online measurements. A system was built,

which is capable to inspect bimetal strips online with a high degree of automation

and obtain inspection results in real time. The system was installed on an industrial
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strip processing line for rigorous online inspection trials of full-length bimetal strips.

This work demonstrated that the inspection system is capable to detect defects under

harsh industrial conditions. It was found that when inspecting 100% of the material

volume, the false alarm rate is about 0.5% to detect all defects that nowadays can

only be detected with the destructive peel-off test. In addition, the system is capable

to detect 1x1 mm area delamination defects and incorrect thickness reduction, which

is not detectable with the peel-off test. The online trials also identified issues in a

serial production environment. Improvements were considered in the development of a

technical machine specification to build a serial system for serial production.

V. Development of a technical specification for an online EMAT guided

wave serial inspection system

The technical specification details the bimetal strip characteristics relevant for inspec-

tion, required system performance, criteria for commissioning and final acceptance,

design of the mechanical integration to ensure a robust system suitable for the harsh

manufacturing environment and how to integrate the system into the existing SIC vi-

sual inspection machine. The technical specification was developed in collaboration

with Innerspec and a 3rd party mechanical integrator.

VI. Investigation of defects, causes and prevention controls in the continuous

CuSn/steel bimetal strip sintering process

Destructive inspection results over a period of three years were collected and analysed

to establish which defects occur in CuSn/steel bimetal strips serial production. This

work also included a fault tree analysis to understand the root causes for defects and the

implementation of prevention controls. It was found that the most frequent defect types

are porosity, delamination and incorrect microstructure. Since delamination defects are

buried below the surface of strips and are therefore not visible for the operator, it was

evident that an online inspection system for sintered CuSn/steel bimetal strip would

significantly improve process control and reduce the business risk.
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VII. Feasibility study to detect defects in CuSn/steel bimetal strips

The prototype online inspection system was used to inspect CuSn/steel strips with

porosity and delamination defects. The system was capable to detect all defects that

are nowadays only detectable with destructive testing, while 100% material volume is

inspected. This validated the system performance in addition to the Al/Al-Sn/Al/steel

inspection results.

10.2 Industrial impact

The motivation for this project was primarily driven from a business (MAHLE) per-

spective to reduce the risk that components fail in the field and to avoid value adding

to defective material. Firstly, the aspiration was to develop a 100% volumetric online

inspection technique that is capable to detect critical defects that are buried below

the surface of the strips. This work presented a guided waves generated with EMATs

inspection technique that has demonstrated its capability to inspect bimetal strips on-

line under the harsh serial production environment. MAHLE Engine Systems UK Ltd.

currently plans the industrialisation of the inspection technique in their strategic bud-

get plan for 2019/2020, which demonstrates the high credibility and industrial impact

of this work. Secondly, defect root causes in the CuSn/steel bimetal strips production

process in Kilmarnock were researched and some prevention controls are already suc-

cessfully implemented, which is generating significant cost savings for the business due

to reduced scrap rates.

10.3 Further work

A challenge in the guided waves inspection application in the Kilmarnock CRB and

continuous sintering process is that the product portfolio consists of several hundred

different part numbers, which all have different dimensional characteristics (lining thick-

ness, steel thickness, ratio) and material properties (density, Young’s modulus, Pois-

son’s ratio) that influence the optimal guided wave mode per product for inspection.

Due to experimental work it was possible to cluster products into groups that share the
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same inspection wave mode, which significantly reduced the number of different wave

modes compared to the initial stage of the project. However, considering the number of

product changes in production and the required time to set up the inspection system,

there is still a need to further reduce the number of required different wave modes.

During experimental work with CuSn/steel bimetal strips, which had between 0%

and 60% delamination across the width of the strip, a cyclic behaviour of wave sensi-

tivity relative to defect size was observed for certain wave modes. Furthermore it was

observed that for certain wave modes and porosity defects in CuSn/steel samples, the

behaviour of wave sensitivity was constructive interference. Constructive interference

could falsely indicate good quality material, although a defect is present. Finite element

simulation work for sintered CuSn/steel bimetal could explain the cyclic behaviour and

constructive interference of the signal amplitude for these complex defect types. Based

on the theoretical analysis, wave modes that have constructive interference and are not

suitable for practical inspection, could be identified and avoided.

The method to qualitatively indicate the presence of bond defects was to define an

alarm threshold as percentage of the reference amplitude. This is a relatively simple

analysis of the captured wave signals and does not identify the defects type or quantify

the bond strength or defect size. There exist more sophisticated feature extraction

methods to interpret measured wave signals such as time domain analysis, frequency

domain analysis or integrated time-frequency domain analysis. The major challenge of

these identification techniques are signal contamination from noise, interference with

natural vibration and confusion of multiple modes. Future work could focus on the

development of a signal processing and identification technique that can cope with the

harsh serial production environment. This information would be valuable to better

understand defects and make decisions in quality control.
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