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Abstract

The recent development of manufacturing techniques for the fabrication of thin
iron aluminide sheet requires advanced quantitative methods for on-line
inspection. An understanding of the mechanisms responsible for flaws and the
development of appropriate flaw detection methods are key elements in an
effective quality management system. The first step in the fabrication of thin FeAl
alloy sheet is the formation of a green sheet by cold rolling FeAl powder mixed with
organic binding agents. The green sheet composite has a bulk density, which is
typically less than about 3.6 g/cc. The finished sheet, with a density of about 6.1
g/cc, is obtained using a series of process steps involving binder elimination,
densification, sintering, and annealing. Non-uniformities within the green sheet are
the major contributor to material failure in subsequent sheet processing and the
production of non-conforming finished sheet. The production environment and
physical characteristics of the composite provide for unique challenges in
developing a rapid nondestructive inspection capability. The method must be non-
contact due to the fragile nature of the composite. Limited access to the material
also demands a one-sided inspection technique. An active thermographic method
providing for 100% on-line inspection within an industrial process has been
developed. This approach is cost competitive with alternative technologies, such as
x-ray imaging systems, and provides the required sensitivity to the variations in
material composition. The mechanism of flaw formation and the transformation of
green sheet flaws into defects that appear in intermediate and finished sheet

products are described. A mathematical model which describes the green sheet

xiv
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heat transfer propagation, in the context of the inspection technique and the
compact heterogeneity, is also presented. The potential for feedback within the

production process is also discussed.
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Chapter 1

Introduction

1.1 Background

The inspection and evaluation of products fabricated from powder metal (P /M)
rechnology is significant to the automotive. aerospace. medical. and electronic industries alil
ol which use components derived from powder metallurgy. [n manv instances. this manu-
acturing approach can provide parts and stock materials of higher (naiity and reliability
rhan those obtained nsing other manufacturing techniques 1i. The enhanced reliability of
incoming materials and components contributes directly to the reliability ot the products
:n which they are used. As the market tor PM parts grows. suppliers are seeking new
means o monitor. vontrol and optimize the powder metallurgy process. The focus of this
work s the nondestructive evaiuation of thin rolled iron aluminide ailuyv using thermal tech-
niques designed for quality control during manufacturing. Iron aluminides are a group of
intermetallic allovs containing primarily iron and aluminum which have a resistance to high

temperature oxidation. Unlike many high temperature alloys. they provide good strength

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



without the addition of chromium.

While the formation of products from powder metallurgy can be quite complex.
the typical process can divided into four stages. [n the first stage. powder metal constituents
(the svnthesis of these powders is often a multistage process in itself ) are mixed with a binder
and/or solvent. In the second stage pressure is used to compress the constituents into a
single part. These are commonly referred to as green parts. The third stage is the removal
of the binder and sintering of the metal particles into a solid structure. The density of the
tinal material may vary greatly depending on the design requirements ot the part. \ fourth
stage involving machining or forming process is often required. ach of these stages usually
has several intermediate steps and each step exhibits characteristic defect morphologies and
nnderlving formation mechanisms. The guiding principle in minimizing the immpact of these
Haws. with the goal of zero defects in the final product. is to identify the most significant
Haws as early in the process as possible. Early detection provides the opportunity to correct
the defect downstream in the process. [ the flaw cannot be repaired. the defective part
can at least be svstematically removed from the process without disrupting product tlow or
investing further process resources in a bad part. [t is in this context that the development
of technologies that detect and quantify the quality of intermediate and tinal products will
have a significant impact on future developments and applications of powder metallurgy
technology.

The goal uf this research is to develop a non-contact. real-time method of inspecting
LU0 of the green sheet produced by an existing industrial process. The relatively slow

production rate (about 300 cm?/min.) allows time for adequate signal processing to provide
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process feedback. [t is anticipated that the technique could be adapted to much faster
production rates and may be extended to applications for non-planar part geometries. This
research provides a method and instrumentation specifications to quantitatively evaluate
the formation of green sheet nsing time-resolved infrared thermography (often referred to
as transient thermography) . The technique involves heating the sheet using a programmed
thermal excitation. The time evolution of the radiated energy contains information on
variations in mass distribution. species. homogeneity. and thickness of the sheet. These
variations give rise to anisotropic and heterogeneuns heat transfer in the sheet. Both a
theoretical basis for the interpretation and analvsis of the data as well as a method for
reducing the data to a form appropriate for process monitoring are developed. The results

of this research will be used to specify instmmentation for produet inspection.

1.1.1 Powder metallurgy industry

The Metal Powder Industries Federation (MPIF) reported 20 in a 1996 industry
review that North American companies had sales of about 52 billion. Powder metal (P'\M)
components are used in wide variety of products (antomotive. appliance. acrospace. elec-
rronic. business machine. chemical. construction. lawn & garden. medical. petroleum). For
example. the typical passenger car contains approximately 30 pounds of parts derived tfrom
powder metallurgy processes. [n recent vears there has been an increased demand for P/ M
parts and all indications are that demand will contimie to grow. P/M manufactures have
realized that in order to compete globally they will have to transition their manufacturing
practices from the traditional “powder metallurgy art form™ to a total quality approach.

A key element is the development of quality inspection tools and methodologies. Since the
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industry is in the early stages of implementing this business strategy and P/M products are
highly diverse. many upportunities exist to apply quantitative nondestructive »valuation.

Increasing dependence on P/M technology is driven by the need to reduce cost
and increase the reliability of metal parts. There are several aspects of this technology
which are atiractive to /M customers. P/M production methods can be nsed to tabricate
near-net-shape components. Manufacturing techniques which provide near-net-shape parts
redhiuce production costs by eliminating intermediate machining steps. Complex shapes can
often be obtained withont the need for cold working, which can result in crack formation.
This advantage allows the cost of machining components to tinal tolerances to be reduced
or in some cases eliminated. [naddition. P/M part fabrication avoids the powder melting
<tep in vbtaining the part geometry. This is advantageous because the ditfusion processes
associated with solidification of & melted casting have a significant impact on the distribution
of grain sizes and residual stresses within the final part. These material characteristics can
have i signiticant impact on components reliability 13].

While the above advantages have been appreciated for many vears. a signiticant
incentive tor using powder metallurgy is the ability to synthesize parts out of high perfor-
mance super allovs. The fabrication of beta phase iron aluminide. FeAl. into a thin sheet
by roiling a large starting volume of FeAl is not practical. For example. attempts to form
sheet in this manner results in significant work-hardening which results in cracking. At-
tempting to process the material at elevated temperatures. near the melting point. is not
feasible because the aluminum oxidizes and the alloy tends to dissolve hydrogen. Oxidation

inhibits formation of the desired phase while excess hydrogen creates voids which increase
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porosity. Both compromise the mechanical properties of the material. Processes involving
extended periods at high temperatures promote grain growth. [ncreased grain size reduces
low temperature ductility which can be important in part forming. A preferred process for

FeAl synthesis minimizes these effects. The major process steps are described below.

1.1.2 Current process overview

The initial step. for the production of metal sheet from powder. is the formation
of a green sheet compaosite which is approximately 700 pm thick. This is achieved by roll
compacting a mixture of powder alloy. binding agent and solvent (see figure l-1). The
production rate is about 300 em?/min. The green sheet then undergoes a series of process
steps (binder elimination. densification. sintering, annealing) to torm the tinal FeAl sheet
product, This final sheet product wiil be referred to simply as "sheet” to distinguish it
from green sheet and interinediate products. The intermediate products have a thickness
frotn 300 zm to 200 em thick and densities as low as 60'% of the theoretical density. about
t.iw, co for the tully dense material. A process tlow chart is shown in figure 1-2.

Mass distribution and thickness are critical attributes throughout the sheet form-
ing process. The relatively high viscosity of the green sheet composite and the character-
istically low malleability of the iron aluminide particles inhibit modification of the mass
distribution once the green sheet is formed. Process variables such as mixture teed rate.
roller speed. pressure and alignment are candidates for statistical process control (SPC)
using teedback from the inspection system. The impact of non—uniform mass distribution
can vary from the formation of final sheet material that contains flaws to an intermediate

sheet product which fails during processing. Current yields are below production targets.
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Figure 1-2: Flow chart of iron aluminide fabrication via roll compaction.
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The dominant failure mode is the development of through thickness cracks in the
sheet. Green sheet heterogeneity was hypothesized to be associated with this low vield vet
there were no quantitative data to support this idea. Some fraction of the shipped finished
material contains flaws. arising from the green sheet defects. which are not detected via the
current inspection techniques. Attempts to form or machine materials with these defects
results in part failure. A fraction of the defective material will survive fabrication into
the tinal application structure. The compromised mechanical/electrical integrity of these
strctires will result in premature faiiures and reduced reliability. Thus. having an etfective

meats of evaluating green sheet quality is critical.

1.2 The need for a new inspection method

Research into the application of modern quantitative NDE technigues to enhance
the quality of P/M parts is relatively recent. with the tirst symposinm dedicated to the ap-
plication of NDE in powdered metallirgy held in the Summer of 199% i 1]. The most recently
applied and newly emerging techniques and methods for the evaluation of P "M parts were
presented and discussed at that meeting, but thermal techniques were not considered. A
recent publication 151 on test methods by The Metal Powder Industries Fedevation (MPIF)
reviewed the current NDE techniques being investigated for application in the industry. Ta-
ble 1-1 illustrates an applications summary chart. Most noteworthy is the conclusion of the
authors that thermal techniques have. “no application for green P /M parts™. MPIEF's 1995
edition of ~Standard Test Methods for Metal Powders and Powder Metallurgy Products™

6] includes only off-line and destructive test methods. A comprehensive literature search
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Summary Matrix
Method Description Advantages Limitations Applicability
Eddy Current An alternating mag- Sensitive to surface Defects near the comer | Has been used in the
d oetic field induces eddy | cracks; can be antormated; | of an edge or inthe detection of sintered
Testing currents 1 the test part | inspection can be subsurface are difficult | pans.
which produces a performed at high rates; 10 detect; detecaon Most pronusicg for
secondary field flaws are indicated interpretanon can be detecung flaws in green
If there is a defectin the | immediately; extensive complicated by more state parts.
test pare, the clectrical software and computer than one vanable.
conductivity 15 altered packages are available.
and the signal response
will change.

Electrical A fous pomnt probe 1s The testing equpmest can | The sharp probes may be | Some uses found for
. moved across a part, the | be designed to read damaging to the surface; | sintered parts,
ReSlStIVH:y twa outer probes vanous ranges of resisti- | the location of the defect | For green pans, the

Ins ection generate the current, the | wities; the probes can be maust be known. method may be
P (wa mner probes adapted for the shape of applicable.
measure the voltage test parts; tesing equip-
drop. Tnent 1s LREXpensIve, easy
The voitage drop s to handle and portable.
influenced by struc-
ral irregulanties.
Ultrasonic Sound waves travel Ability to penetrate Requires experienced Can be used 1o siatered
R through the matenal are | substantal depths in many | techmcian; requires P/M pants.
Testng anenuated and are materials; high sensitvity | couplant; difficult to For green P/M parts, 1t
reflected at interfaces, to detect smail flaws; detect flaws w ough, ir- | 1s not applicable ( high
. The reflected beam 1s fapid, and automated regular and thin pars; attenuanon).
I displayed and analyzed | inspection flaws thas are very near
! to determine the the surface may not be
presence and locaton of detectable.
H flaws.
{ Thermal Thermal Wave Applicable to test pieces | The candition of the No applicaton for
i - inspecoon wnvolves the | baving complex shapes surface bas to be handled | green P/M parts.
H lmagmg measurement of mapping | and having wide area of carefully; the equipment
: of surface tempezatures <overage; can be used on needed are complicated
' when heat flows in a test | one side of the testobject; | and high pnced.
l piece. The flawsinthe | sensitive to defects close
i test prece alter the beat 10 the surface.
. flow patterns.
i X-ray The part is rotated Can be used to detect 1t is a high cost and Not applicabie for green
te . through a peneraong x- | intemnal defects and detect | cumbersome process: parts.
) Inspecnon ray beam that may detect | sigmficant vanatons i centun types of flaws Special analysis work
l 3 defect and magnufy its | composinon are difficult to detect; for sintered parts.
\mage on a screen. safety measures are
required.
Liql.lid Allowing a part to No liqut in the The major limitaion s Woark has been dane foc
i absorb 2 hiqud configuraton of the that 1t can detect oaly sintered P/M parts.
Pepetrant penietrant, and then with | workprece and flaw imperfection that are Not suited for green
[aspection special lighting oneatation. the process is | open to the sutface; the P/M parts, too much
pe equipment, view the part | simple to utthze and surface roughnoess and penetranon.
and look for the flaw contral. porosity also limit the
areas. use.
Resonant Vibratios of an exciter Easy set up and fast Can acknowledge a Works well on some
plate adjacent 10 a part nspection; reliable defect but does not sintered pans.
Frequency causes a frequency with | repeatabulity. locate it; can not be used | Not appiicable to green
Testin g an increased amplitude in low density matenials. | pars.
through the part, the
difference 1s measured.

Table I-1: Application of NDE in powder metallurgy {5].
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revealed that few NDE techniques are currently employed within the industry. Those which
are in use are highly specific to the part being inspected [} and no commercially available
solution exists for the problem at hand.

The preliminary technique for green sheet inspection was an otf-line x-ray trans-
mission. This involved interrupting the fabrication process and taking a sample to an on-site
test laboratory. [t took abont 15 minutes to generate results and modify the settings on the
roller feeder equipment. The method was labor intensive. had questionable capability. and
a puor spatial resolution (> 30 mm?®). That the method is capable of detecting variation
nnderscored the need for an improved inspection method. The near term solution was to
upgrade the x-ray nnit with an antomated sonrce and detector pair which would scan the
material. This instrument samples the attenuation of the material at some predetermined
unnber of arcas. The aperture is an oval geometry approximately 1"x [ 17 resulting in a
sampling area size of about 160 mm?. over which a particular reading is averaged. Due to
the low x-ray attemation by the green sheet the inspection rate is limited by the integra-
fon time. Phe maximum on-line sampling rate was approximately 50'% of the mamufactiured
material.

The physical characteristics of the green sheet require special cunsideration in
developing an appropriate NDE technique. A non-contact technique is necessary since
the material has minimal mechanical integrity. Conventional electromagnetic technigues
(eddv current. magnetic tlux leakage. etc.) have been used for green parts which have
densities significantly higher than the iron aluminide green sheet. The green sheet has

a very high impedance and is non-magnetic. these techniques are not suitable. \While
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optical/visual inspection techniques may prove useful. they cannot provide the through-
thickness information desired. Also. modern on-line x-ray systems require special shielding,
do not provide the required high speed three dimensional specimen information and come
with some regulatory constraints.

With the development of high speed focal plane array infrared detectors and in-
creased computing power. inspection using time resolved infrared thermography now has
the potential to inspect large volumes quickly and with high spatial resolution. [n addition.
this approach provides for on-line inspection and the implementation o an SPC program.

In the proposed inspection technique. the time-radiance history for all points on
the surface of the specimen is obtained. The time dimension carries information about the
nature of the material beneath the surface (i.e. it provides three-dimensional data). In
contrast. X-rayv transtnission vields a signal proportional to the integral of the absorption
through the line of tlight'. With transient thermography. material properties related to the
rate of temperature change. .. thermal diffusivity. are significant rather than the absolute
temperature. Thus, the impact of factors such as emissivity and array detector sensitivity
variation. which introdnce error in absolute temperature determinations. are reduced.

several challenges were presented by this work. Thermal techniques have tradition-
allv been nsed for material thickness several times greater than those of interest here. The
cumpusite material had not been characterized in terms of particles binder distributions and
constituent thermal properties. At the small thicknesses and fast thermal transient times

through the thickness of the sheet. high speed detectors and data acquisition systems are

“\While there are techniques/instrumentation for x-ray tomography and laminography, these are currently
expensive and time consuming.
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necessary. Recent developments in detector technology and high speed computers have re-
sulted in instrumentation which provides the required speed. A major aim of the work has
been to develop the appropriate spatial and temporal excitation protocol and data analysis
techniques. This involves identifving kev green sheet morphological features which result in
final product defects and the development of a theoretical model tu describe heat transter
in the green sheet.

At the start of this work. very little information was available on the thermal
properties. defects properties. or defect geometries associated with the composite. In many
cases the green sheet material that had undergone visual inspection with no noticeable de-
feets would fail during processing.  Thus the research strategy was to divide the etfort into
two phases.  The tirst phase consisted of an exploratory effort to gain an understanding
of the range of thermal properties and defects exhibited by commercially produced green
sheet. Artiticial defects and part geometries were used to explore the sensitivity of several
techniques. These initial results were used to narrow the focus for the second phase. In
this phase a prototype inspection system was assembled to accommodate the required rate
of inspection and the geometry of the part presentation in the manufacturing environment.
Reference composites were fabricated by controlling the compact compuosition and fabri-
cation pressure. Data from these samples provided a fundamental understanding of the
dependence of composite thermal properties on kev process variables and allowed for model
calibration. The normal range of green sheet process variations and tlaw morphologies were
investigated by conducting a process study in which a large volume of material from a pro-

duction run was characterized. This data was then used to develop an inspection protocol
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which provides for the prediction of defect occurrence in densified FeAl sheet. based on flaw

precursors in the green sheet.
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Chapter 2

Thermography

2.1 Background

['he primary advantages of thermography are that it does not require direct contact
with the object of interest and provides fuill tield information. Thermosraphic techniques
are tvpleally divided into two categories: passive and active. Passive thermeography is more
Analitative wiiie active rnermography is more quantitative and can be tatiored to uptimize
‘he inspection. Passive techniques rely on the detection of thermal sradients trom surfaces
:n their normai operating state. Examples are heat leakage trom buiidings. heat generated
‘rom friction or other mechanical processes. reaction processes. and vhmic heating. In con-
trast. active thermography is based on the generation and monitoring of thermal sradients
in structures by inducing heating and/or cooling. This approach produces larger gradients
and better differentiation of flaws than is typically possible using passive techniques. Com-
mon heat sources are heating lamps. lasers. microwaves. and electromagnetic induction.

Examples of techniques to induce gradients in an already heated object are convective air

13
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cooling, quenching with liquid nitrogen. and parasitic conduction. Excitation may be tem-
porally and/or spatially modulated and is driven by the flaw morphology and excitation
mechanism. For example microwaves can be used to heat water trapped inside an elec-
trical insulating material. Care must be taken not to exceed stresses and/or temperature
thresholds which may damage the material.

Modern thermography has its roots in the early work of William Herschel [7]. His
IN00 observation that “lisht rays™ outside of the visible spectrum could transfer energy
to glass thermometers revealed the infrared region of the electromagnetic spectrum. [t
was not until moieh later that the theoretical work of James Maxwell and Max Planck
provided the theoretical basis for interpreting the relationship between emitted energy and
the electromagnetic spectrim. The availability of modern infrared detector svstems has, of
conrse. been kev in allowing for the development of effective thermal inspection techniques.
Fwao factors have impeded the develupment of nseful detectors. The tirst is the lack of
photons emitted by badies near room temperature. The second is atmospheric scattering.
['hns most sensor have been designed to operate in the 2-3 g and the =12 o transmission
bands. Infrared detectors can be divided into two broad categories. The tirst is a thermal
detector. Thermal detectors operate on the basis that the material properties of the sensor
vary with temperature. For a given detector svstem (i.e. known optics. sensor absorption
characteristics. and thermal time constant) the monitored changes in material properties
can be used tou infer rthe temperature of the source. Development efforts associated with
these devices dominated the first century after Herschels discovery. Seebeck’s discovery of

the thermoelectric effect zave rise to the thermopile and Langley {8] invented the bolometer
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which relies on knowing the variation of resistivity with temperature. Both of these devices
are broad band infrared detectors. The inherent lag in thermal response and the minute
changes in electrical signals provide for rather slow and noisy devices. Even at this early
stage of development Langley was able to detect a cow at a distance of 1/ mile in 1901.

The second type of detector. photon or quantum detectors. relies un the interaction
of the electromagnetic radiation with the electronic band structure of the material. By 1917
Theodore Casel3] had developed the thallous sulfide detector. This material had a much
faster response time than earlier bolometers. By WW!II lead sulfide had been developed
and was the detector of choice for military surveillance applications. The post war era saw
commercial applications and by the 60's and 70's commercial cameras became available.
InSb and HegCdTe were popular due to their high conversion efficiencies (device quantum
etficiency) from photon energy to detector output current. These detectors require eryogenic
cooling to redice background signals associated with system packaging.

There are two equally important issues which must be addressed to develop a
thermal inspection technique. First. can one access and monitor thermal information of
the structure of interest” Secondly. can relevant details of flaw morphology and formation
mechanisms be inferred from this information? Over the last 20 vears the development
ol focal plane array detectors and read-out architecture has increased infrared imaging
speeds. Many of these technological advances have been driven by the defense industry.
[n addition. the advances in computing speed and reduced circuit size have combined to
provide the power necessary to perform the near real time data processing necessary for

quantitative materials;structures evaluation. The second question leads us to a discussion
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of the heat transfer within solids which is the topic of the next section. This is followed by

a review of the literature describing applications of thermal NDE.

2.2 Heat conduction in solids

The essence ol quantitative thermography is to understand the interaction between
temperature fields and discontinuities within the structure of interest. The mathematical
formalism for heat conduction provides the theoretical basis for nnderstanding these inter-
actions. Carslaw and Jacger 9] extended the work of earlier mathematicians and scientists
to provide a practical theory of the conduction of heat in solids {10} [11; 12}, Equation 2.1
is the equation of continuity for heat conduction in a stationary solid.

Jr. f)

; ={V Ik(r.T) - VT(r. )]} = g(r.t) (2.1)

ptr)C.(r)

[(r.t) is the time dependent temperatire field and &(r. T) is the second rank thermal
conductivity tensor. The terms &, (with 7 and ;j = 1.2.3) describe the anisotropy of the
condnetivity.  The rate of heat zeneration per unit voliune is represented by gtr. o). Most
active thermography applications involve temperature excursions which are typically less
than 20Y C. Under these conditions bulk material properties (density. p(r). and specific
heat. C'.(r) .and K(r. [')) are approximately independent of temperature. Equation 2.1 is
a manifestation ot the conservation of energy. Consider an arbitrary volume V", The right
hand term in curly brackets represents the heat flow across the boundary. 5. surrounding
1", The term g(r. ) represents sources of internal heat generation (e.g. chemical exothermic
reactions). The term oun the left hand side represents the rate of energy storage per unit

volume of the material occupying V7.
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The Fourier or diffusion equation 2.2 is obtained under the conditions for an

isotropic homogeneonus saolid with no heat generation and small temperature excursions.

JT(r.t)

_'_)t'— = OVZT(I'.” (.2.2)
With the thermal ditfusivity. n.defined as
= }—)(l"- (2.3)

[n the steady state case 2.1 reduces to Laplace’s equation.
V*T(r) =0 (2.4)

The analyvtical solution to the boundary-value problen. presented by equation 2010 is ob-
tained from the general solntion in cormbination with the initial field values and the boundary
conditions. The form of the general solution depends on the coordinate system which is
senerally chosen to snite the symmetry of the problem. The associated constants are eval-
nated using the initial tield To(r. ¢) and the boundary conditivns. We require the solution
to approach ITyir.t) e the limit of ¢ = 0. Thermal boundary conditions consist of three
categories. A prescribed surface temperature T'(r. t) is the simplest case. Another condition
is to have the heat thix components. F,. defined across a prescribed surface where ) the
ontward surface normal. Fgnation 2.5 illustrates this condition in ditferential form. When
£, = 0 we have the special case of an insulated boundary with no heat tlow.

T (r. t)
Ny —/—

- = Fi(r.t) (2.3)
l)'r’

The third situation provides for linear heat transfer at the surface. This is sometimes re-

ferred to as the radiation boundary condition. For small temperature differences between a
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surface and its surroundings a linear approximation of the T'(r.¢)* Stefan-Boltzman radia-
tive heat transfer is often used. The linear heat transfer associated with convective losses is
more commonly emploved in NDE applications. For either mechanism the flux across the
surface can be approximated as linear with a proportionality constant f{. This relationship

is shown in equations 2.6

A, =
I)T?

+ H - [T(r.t) = Tu(r.t)] =0 (2.6)

Where [, (r.t) is the temperature of the surrounding medium. An alternative form is o
detine o thermal resistance as 2 = 717 Equation 2.6 can then be cast into a form (equation
2.7) analogous to Ohm's law in which the product of the current density and average
clecetrical resistivity between two points is equal to the associated voltage difference. The
alternative form of Lquation 2.6 is

JT(r. t)
N —

- R=T(r.t) = Th(r.t) (-
‘i

[
=1
—

The process of inspecting via active thermography involves imposing certain initial
and boundary conditions on the part to be characterized. The resulting time dependent
thermal tield reflects the relevant taw information. The easiest conditions to generate
experimentally and treat analyvtically are pulsed. step. and periodic surface heating. A few
general comments are in vrder before discussing these techniques in detail. The choice of
excitation mode requires a balance of several factors. For on-line inspection the primary
constraint is the time available for inspection. In the laboratory the time available for the
inspection may be arbitrarily long. However. in a production environment the inspection

time will be limited by product flow rates. Pulsed heating minimizes the excitation time.
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Signal to noise level is also important. A periodic excitation allows for background noise
to be significantly reduced by using lock-in signal processing. In this approach the thermal
signal is sampled so that only the forced time varying thermal response is measured. The
DC bhackground is eliminated. As will be shown. the frequency of the excitation can be
chosen to emphasize various depths in the structure of interest. Step function excitation
is typically nsed to induce large surface signals which induce significant heating into the
volume if the sample. This may be required when the features of interest are deep in
the sample or the material is particularly slow. Both periodic and step function heating
tvpically require inspection times of several seconds to several minutes. [nspection of large
<stmictures. such as buildings and bridges take advantage of solar cycles. In these cases the
rime between sampling observations can be many hours.

The analyvsis of thermal excitation modes fall into two categories. Both the pulse
and step excitation involve a time domain signal analysis of the heating and/or cooling
curve. For periodic excitation a frequency domain treatment ol the heat cquation reveals
the wave natire of the conduction. The later is often associated with the concept of “thermal
waves”. A direct result of the Fourier transtorm theorem is that both the time domain and
trequency domain treatments of the heat conduction problem equation are mathematically
valid. Thus with the appropriate assignment of physical entities the heat ditfusion process
can be described as critically damped dispersive thermal waves. Both of these constricts
are equally valid.

Consider one dimensional heat conduction. in an isotropic. homogeneous material

half-space with properties p. C'., and x. For convenience the convention will be a rectangular
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coordinate system with heat flow in the r direction. Any surface excitation at £ = () can

be described as a linear combination of harmonic functions of the form

T(0.t) = Tycos wt = Ty Re ™" (2.8)

Recalling Fourier's equation
L()fi) =aViT(r.t) (2.9)
With the thermal ditfusivity, 0 = ;(’— We assume a general solntion of the torm T(r. t) =

'y =" and upon the application of equation 2.9 the Helmholtz wave equation is obtained.

v - '—:' -T(r)y=0 (2.10)

The general solution is

I(r) = A oxpimy, —=(1 = i)z + B -exply, = (1 — 0).c] (211
Pt \/ ‘..’.a( )£l plv 2a ‘ )
['he requirement that the tield be tinite far from the excitation surface recpires that 8 = 0.

After rearrangement the tield solution can be written down as

[lrt)y = Tye SV I cos(at — _L‘V i:; (2.12)

This represents a thermal wave with wavenumber & = |, 5=, frequency [ = ;=. and wave-
length A = Y _‘L,—‘- Several features of equation 2.12 provide insight into the thermal behavior
of an arbitrary excitation wavetorm with various frequency components. First. the spatial
decay depends strongly on the ratio of the excitation frequency to the thermal diffusivity.

The penetration depth. d = \/270 is the distance at which the field has fallen to ¢ "lof it

peak value. This is often referred to as the thermal diffusion length. As examples. the
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2
cm*®

penetration depth for aluminum (« = 0.5 “Z) when w = 1 Hz. is about 1 cm. For brick.
o == .004 % the penetration depth is only 0.1 cm. [n order to achieve the same penetra-
tion depth in brick the frequency would have to be decreased by a factor of a hundred. We

can re-write the time dependant term of equation 2.12 as

— (2.13)

V2w

cos w(t —

The terin v2aw is clearly a frequency dependent (i.e. dispersive) propagation velocity.
High frequencies propagate faster and are more attenuated than low frequencies. As the
treqriency approach intinity so does its speed of propagation. The mathematical treatment
of the diffusion equation by transforming the problem into the frequency domain shows that
the dnal distortion (dispersion and attennation) of an arbitrary thermal wave is physically
equivalent to ditfusion.

[t 1s important to take the above results into acconnt when developing an on-
hne mspection method. Consider @ same side excitation, thermal imaging arrangement.
[he abserved ticld perturbation (at the £ = 0 surtace) result from the propagation and
scattering of the thermal waves from the internal discontinuities of the tlaw boundaries. The
dominant excitation frequency modes should be low enongh to penetrate and return from
the tlaw boundary. However, the frequencies need to be high enough to propagate during
the allotted inspection time. Another important consideration. not explicitly addressed by
the vne dimensional treatment. is that three dimensional diffusion distorts the flaw signal.

Approaches to handling this issue will be discussed in the following section.
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2.3 Review of thermal nondestructive evaluation

This section reviews the techniques and applications of thermal NDE. There are
many terms that have been coined in reference to active thermal nondestrictive evaluation
techniques. Examples are active thermography. transient thermography. time-resolved in-
frared thermography. thermal wave imaging. pulsed photothermal inspection. thermal NDT
or TNDT. lock-in thermography. pulsed-echo thermal wave imaging, thermal inertia imag-
ing. and others. The recent proliferation of descriptive labels is indicative of the growth
and activity in this ticld 713]. While there are variations in excitation. data acquisition.
and tiltering among the varions methods, the underlying mechanism is heat transter within
stractures. The tirst part of this section describes the analytical solutions relevant to the
current application. The second part provides an overview of the pertinent literature.

One of the carliest and most cited applications of heat transter theory to thermal
NDE is the work of Parker /11, This technique involves the application of a pulsed heat flux
nniformly incident nupon one side of 4 slab while the temperature rise of the opposite side
is monitored (see tigure 2-1). Parker wsed this approach to determine the one-dimensional
thermal diffusivity. . via thermoconple measurements. It is assumed that the pulse heating
tat = 0) of a material stab (p. . CL) of thickness L is adiabatic. £ is the radiant energy
per unit area. < is the emissivity. Thus the total heat input per unit area is Fe and the pulse
time is small compared to the times of interest. For times much greater than the duration

of the pulse the temperature of the back side of the slab. T'(L.t). is asymptotic to a peak
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Figure 2-1; Geometry for through-heating.




value given by equation 2.1

> n nm?
[1+> (—1)"exp( el (2.14)

n=1

Fe
pC, L

T(L.t) =

The maximum temperature slope is reached at T(L.t) = 0.6 and ¢ = ¢,,,. This vields the

tollowing relationship for the diffusivity.

Lz
=138 —— (2.15)
e tl/“z

Note that the determination of diffusivity depends only on having knowledge of the tem-
perature history. Thus all that is required is that F is large enough to provide a significant
tetperature increase on the back surtace of the sample. This treatment assumes no change
in material properties over the induced temperature excursion. For a given value of £ ,,
the caleulated value of o varies as the square of the slab thickness. This dependence is
expected considering the change in diffusion length with . Off=the-shelf analvtical instru-
ments. based on this technigque. are available. They tvpically incorporate laser excitation
~orrces. These methods are invasive since thev imposes restrictions on spectnen seometry.
Samples are typically prepared as a small. | to 2 em®. cylinders. Figure 2-2 illustrates the
dependence of the back side thermal response of a homogeneons slab for three ditferent
combinations of [_. I"sing the value of ¢, from the plot. the rativ of L—: can be deter-
mined. Knowing either @ or L allows for the determination of the remaining unknown. As

[_‘—; and C has the largest.

indicated in tigure 2-2. A has the smallest value of
Of particular interest in the present work is the situation in which only one side of

a planar specimen is accessible. During production iron aluminide green sheet is supported

by a conveyor belt. For convenience we will replace T(0.¢) with T(t) where it is under
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stood that the front surface is £ = 0. The analytical solution for periodic front surface
heating has been described. Two other cases. single pulse and step function heating, will
now be considered.

The solution for the cvoling curve resulting from the uniform square pulsed exci-
ration of a slab of thickness L. with insulated boundary conditions on the side opposite the

excitation. is given by equation 2.16 [13]. Figure 2-3 illustrates the excitation geometry.

2Fs Sfo- —_—
T(t = @ —— Y R R (2.16)

) (v ROy} (\ v )

~2VEY (DF() =2V E=7 Y ()"F(t =7y,
n - r =1
Where F(t) is defined by:
. —n?L? S on2[L? . n*L?

(1) = exp ’l‘” -y .-.”M Erfel ”Q‘ ) (2.17)

Where Fr = (Q is the radiant energy per unit area absorbed by the siurtface and « is the
pulse duration. For t > = a square pulse can be approximated as an instantaneous pulse
in which rhe total enerey is deposited in the onter most region of the slab. In this case the

couling cnrve is governed by equation 2.18 15].

Fer . = —n*L? .
Nty = ——m———11+2 1)" ex — i 12.18)
(v pRC Tty Z( ) P ot l

n=1
For the case in which 1!—, >> | the temperature response of the specimen approximates the

respounse of a half-space with the same material properties and is described by

Fer

T(t) = —————
( (VprC.v'7t)

{2.19)

Thus during this period the temperature of the specimen decreases with the inverse of the

square root of time. With a slope indicative of the bulk material parameter
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Figure 2-3: Geometry for front-side heating.
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defined as the thermal effusivity. ¢ = \/prC,.. Thermal effusivity corresponds to the ratio

Flur

Tomperarire which is the inverse of the thermal impedance. Thus for a large effusivity the

thermal impedance is low and the temperature rapidly decays with time. Alternatively a
material with a small effusivity cools much slower. The deviation of a cooling curve from
the thermally thick response (i.e. the point at which the series term becomes significant) is
indicative of a discontinuity in the material. Figure 2-I provides a qualitative comparison
of three cases. For one dimensional heat flow in an isotropic homogeneous slab line. A
represents the decay curve of the reference half space. Line B shows the npward detlection
associated with a discontinuity of lower effusivity (e.z. heterogeneity or air interface). Line
C shows the downward detlection associated with the discontinuity from a lower etfusivity
to a higher etfusivitvie.g, heterogeneity ).

[n the limit that £ < 7 the excitation approaches a step function. The thermally

thick response is described by

2t

Ly R T)

Tty = (2.20)

Thus during this time interval the surface of the sample heats proportional to the square
root of time. Again the siope is indicative of the effusivity. Figure 2-5 provides a qualitative
comparison of three cases tfor one dimensional heat How in an isotropic homogeneous slab.
Line A represents the heating curve of the reference half space. Line B shows the upward
deflectivn associated with a discontinuity of lower effusivity (e.g. heterogeneity or air in-
terface). Line C shows the downward deflection associated with a discontinuity of higher

effusivity (e.g. heterogeneity).
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Figure 2-4: Cooling curves for front-side impulse excitation.
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Figure 2-5: Heating curves for front-side step heating.
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Recent research efforts have focused on the application of front or same sided heat-
ing techniques. The primary reason for this focus has been the demand tor tield deployment
of thermal NDE svstems. Many applications. such as the present inspection problem. must
he achieved in an environment where access to the material/structure is limited. Another
driving factor for the modality of deplovment is the volume of the material to be inspected.
I'he development of high speed high volume inspection capabilities was mancdated by the
Aviation Safety Research Act of 1988 (Public Law 100-591). This law charges the Federal
Aviation Administration to research and develop methods for improving aircralt reliability.
A major component of this etfort is to enhance the ability to detect the onset of cracking
delamination. and corrosion of aireraft structures. These activities are particularly relevant
tor the aging commercial and military aireraft fleet. Another motivation is the applica-
tion of new composite materials for high speed and stealth aircraft. These materials are
tvpically formed from complex processes and result in composites with unique physical
properties and faihire modes. The associated inspection challenges are not vasily addressed
by the standard testing methods. Hobbs [16] provides a thorongh review of the advantages
of thermographic inspection technigues for aerospace materials. These interests. in con-
junction with the federal sovernment’s efforts to transter developing technologies into the
private scctor. have resulted in more recent applications within industrial processes. \While
the materials of interest vary widely. applications typically involve at least one of the follow-
ing tlaw types: corrosion. cracking. porosity. thickness of monolithic or coated structures.
composite anisotropy and disbonding/delamination. and fundamental measurements. The

following provides a review of the work in these areas.
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Connolly [17} used a through-thickness laser heating method to assess the porosity
within fiber-reinforced polymeric matrix composites. Porosities were low. in the 0.5 % to
3% range. A\ linear correlation was found between the thermal technique and the porosity
determined using an acid digestion method. C'ramer et al.[18] used through tlash heating to
produce full thermal ditfusivity maps for SiC fiber-reinforced silicon nitride ceramic matrix
composites. These composites are used in high temperature environments which result in
carbon depletion via oxidation. This material loss was correlated to the etfective reduction
in bulk diffusivity. More recently others 119] have retined this technique in conjunction with
a scanning thermal imaging to determine the variation in diffusivity through the volume of
planar samples. Nonlinear least square rontines were emploved to provide thermal diffusivity
images for ceramic matrix and delaminated composites. Algorithms were developed o tit
the data of each pixel to the analytical solution for the time dependence. Emeric et al.
201 developed a mathematical model based on the scattering of a harmonic time varying
thermal excitation from an embedded fiber with different properties from rhe cotnposite
matrix. Favro et al..2l have measured the principal components of the thermal ditfusivity
of nnidirectional tiber reinforced polyvmer composites using through heating with a circular
=otree.

Several workers have investigated both metallic and compuosite stnictures using
thin-plate approximations. In this approach the heating and data acquisition regimes are
chusen su that the through thickness thermal gradients are small and the heat flow is
predominantly in the plane. There are several advantages of this technique. The time

scale of thermal ditfusion events. in the plane (the larger dimension). are longer than those
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through the thin regions of the material. This means that. for isotropic materials. the
bulk diffusivity can be measured using relatively slow data acquisition rates. [n the case
of anisotropic materials. the in-plane components of the diffusivity tensor can be measured
and related to the principal components. Welch et al. [22] [23] [21] [25] [26] achieved
this for several metals and graphite epoxy compuosites using a laser generated line of heat,
Hartikainen et al. 27| nsed a fast line scanning infrared system to characterize plasma
<prayved coatings. More recently Cramer et al. (28] have developed a scanning system which
cmplovees an infrared camera and thermal line sonrce to ¢uantify the thickness of metallic
plates.  The camera and line source scan the surface at a fixed separation and velocity
resulting in a known time delay between the heating and the data acquisition. to assure
throneh thickness thermal saturation, The relative temperature increase is indicative of the
local thickness. Data reconstruction provides for an image representing variations in local
thickness. This techuigue has the potential to effectively detect corrosion over large areas
of an aircraft fuselage.

Crack deteetion in struetures is of partienlar importance in the aerospace industry.
Upon ascent above abont 10.000 ft. most aircraft fuselages are pressurized to about 5 psi.
During descent for landing the aircraft is equilibrated to atmosphere. Over many take-off
and landing cyveles cracking can ocaur in regions of high stress. such as rivets. At tvpical
commercial fuselage skin consists of about 0.040" Al. Cramer et al. 29} 30] developed a
technique to detect the presence of cracks in thin Al plates using planar heat flow. [n this
application a line suurce is uriented parallel to the simulated (EDM) crack direction. Cracks

were not through the thickness and were detected from the blind side of the panel. After
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thermal equilibrium was achieved. through the thickness of the sheet. the heat diffused
within the plane. The presence of a crack creates a discontinuity in thermal gradient. which
is perpendicular to the common long axis of the line source and crack. It was shown that
the raw thermal data could be filtered using a Laplacian operator to detect the location
of this discontinuity and thus the distance of the crack from the line source. The peak in
this signal was shown to depend on the heating time. the distance from the heating source
and the principal components of the thermal diffusivity. Optimization of this detection
rechnigque depends on anticipating the crack mode. i.e. typical location and orientation.
and the material dithisivity tensor.,

Shiratori et al. 31 investigated varions excitation schemes to detect cracks in
metal sheets. These included laser heating. plastic-induced heating. indnction heating,
resistive heating. conneetive heating, and spot cooling with a refrigerant. White et al. 32!
331 developed a thermal microscope capable of detecting crack propagation during thermo-
mechanical fatiogne eveling, Crack tips were detected by scanning the sirtace with a small.
50 g spot. laser excitation. The combination of increased emissivity associated with the
crack width and the in-plane thermal impedance across the crack bonndary allowed tor
crack detection. Watkins 73] nsed an improved version of the infrared thermal microscopy
to investigate tlaws in thin sheets of iron aluminide. Through cracks with widths as small
as 2 um were easily detectable. In addition. surface flaws from pitting and heterogeneities
assuciated with alnminum oxidation were imaged.

The advantages of rapid. same-sided. full field thermal NDE techniques have been

discussed. The theuretical foundations of these techniques can be found in the work of
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Fourier. Carslaw. and Jaeger [9]. The roots of the experimental applications are found in
the early works of Angstrom and the more recent development of scanning photoacoustic
microscopy (SPAM) [35]. Scanning photoacoustic microscopy relies on the detection and
analysis of the acoustic signal generated by the thermo-elastic strains induced by heating
a specimen with a narrow laser spot. typically on the order of 50 pum in diameter. The
beamn is rastered across the surface of the sample. Obviously the thermal wave propagation.
described in the section on heat conduction in solids. is a part of the conpled thermo-elastic
wave propagation problem associated with the SPAM technique. This approach. often
referred to as “lock-in thermography™. required the thermal excitation to be synchronized
with the acquisition of thermal data. The availability of high speed snapshot focal plane
arrav catneras has had a dramatic impact on the development of photo-thermal inspection
techniques. The combination of minimum detectable temperature differences as low as 25
mi. frame rates in around of 6 M pixels/sec. and enhanced compnter power has made
it teasible to inspect materials by monitoring the thermal field at the front surface. This
i~ tvpically achieved by nsing a broad nniform spatial excitation in place of the rastered
laser beam. Over the past ten years the application of these techniques tor aerospace and
nonacrospace materials and strictures has grown dramatically.

Watkins et al. 36| have used front Hash and step heating to investigate defects
and thermal properties in powder metal material. These techniques are capable of detecting
thickness variations. heterogeneities. and cracks in iron aluminide green sheet. The thermal
diffusivity of the material was measured for both the green state and the fully dense material.

The diffusivity increased by an order of magnitude upon densification. Favro et al. [37]
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(38| provided an outline of experimental developments in the pulsed thermal inspection of
aircraft components. This work was sponsored by the FAA-Center for Aviation Systems
Reliability. Disbonds and corroded regions were detected at rivet sites for Al alloy materials.
Disbonds of layered stmctures such as fiberglass skin and foam cores were also shown to
be detectable. [mpact damage to composite fiber reinforced laminated structures were also
identified. Del Grande (39| et al. performed similar tests on Al aircraft skin.

Significant etfort has gone into quantifying the sensitivity of front Hash technigues
nsing samples with known defects. This is tvpically achieved by fabricating artiticial ~de-
feets™ of known geometries. Han et al. 0] considered the thermal response of tlat bottom
hwoles of varions diameters and depths. They found that the depth of the hole conld not
be uniguely determined from the time of peak contrast in the mage. The peak contrast
depends on both through-plane and in-plane diffusion. However, the peak rate of contrast
was tonnd to be linearly dependent on the depth and independent of diameter. [t should be
noted that this region of linearity is a function of the geometry and the thermal properties
of the matertal. For longer times the fnite diameter of the hole. or edge etfects. become
important. Daniels 111 nsed tlash thermography to study the layvers ot Al allov plates and
air zaps to simulate corrosion. He found that the depth of the voids (3 mm in diameter)
similating 307 mass loss conld be readily detected and that the depth of the voids could be
determined within 10%. Stiglich 42} et al. used a similar technique tu inspect the forma-
tion of channels in gas turbines. Due to the complex surface of the turbine. this application
required the development uf a non-planar heat source to achieve uniform heat flux.

The disbonds and voids associated with corrosion are special cases of the more
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general situation of a layered specimen [43| [44]. These structures are of particular impor-
tance in protecting substrates in harsh environments. Oksanen et al. 15} investigated the
sensitivity of flash thermography for ZrOq coatings plasma sprayed onto ferritic steel sub-
strates. This ceramic coating provides a protective barrier which inhibits oxidation. While
the technique was able to Jetect the presents of known defects. the thickness could not be
quantified due 1o camera limitations. \With diffusivities of 0.002 cm*/ sec and thickness of
about 0.2 mm the fastest camera frame rates could not capture the carly time data associ-
ated with through thickness heating. McKnight et al. [16] used step heating to characterize
blister defects in thin (10 - 100 zm) organic coatings (e.s. polyamide) on steel substrates.
The insulating etfect of the bonndary laver between the substrate and the coating allowed
for the location of the blister to be determined.

The current work is aimed at extending the application of active thermography to
quantify critical defects in powder metal green sheet. Three full tield excitation techniques
were explored. These were through heating with a flash lamp as well as same side heating
with both step and tlash technigques. The thermal parameters. diffusivity and etfusivity.
were measured at various steps in the processing of the green sheet. Thermal nondestructive
techniqgutes have been nsed in the inspection of monolithic structures tor porosity. corrosion.
wall thickness. and disbonds. They have also been used to inspect multi-phase composites
such as fiber reinforced polvmers. In all of these cases the inspection data is nsed to asses
the quality of a finished product or a product in service. Tyvpically the product or part
15 either in conformance and fit for use or it is not acceptable. The advantage ol these

inspections is that a defective structure will either be taken out of service or not put into
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service in the first place. The application of quantitative thermography to powder green
sheet is new [1]. The current investigation takes a broader approach. The objective is
not only to detect flaws but to improve the manufacturing process by identifying key flaw
precursors and their cause. The impact is two-fold. At the simplest level green sheet can
be removed from the product stream prior to adding more value to bad material. A\ more
important aspect of the work is that it contributes to the nnderstanding of the process
by identifving the mechanisms responsible for the defects. This allows fandamental and

~vstematic improvement to the process.
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Chapter 3

Preliminary Investigations

3.1 Preliminary characterization of green sheet

An important step in the strategy to develop any characterization technique is to
make an initial assessment of the relevant material properties. This provides an indication
of the potential for a particular technique to successtully determine quaiityv. In the present
case TIe rejevant compact constitients properties are the densitv. ~pecific heat and thermai
conductivity. The relevant thermal conduction parameters are thermai etfusivity, for same
sided excitation. and the thermal diffusivity. for through heating (see section 2.3). These
properties. in combination with the distribution of constituents and volds. sives rise tu the
~tfective bulk properties measured during inspection.

The primary constituents of the green sheet are water atomized FeAl powder and
Methocel®. Methocet®. produced by the Dow Chemical Company, is a powder form of
the widely used industrial gum methylcellulose. Methylcellulose and its derivatives have a

broad range of applications (47!. including adhesives. cosmetics. food. paper. and textiles.

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The 1993 production levels were more than 168 million pounds. The primary advantages of
using Methocel in the production of FeAl green sheet are rheology during compaction. its
effectiveness as a binding agent. and the relatively low carbon residue upon decomposition.
High carbon levels can have an adverse effect on the strength of grain boundaries. FeAl
properties were readily available as part of the manufactures product specificaticn. Data for
the density of methyleellulose was available. vet the other properties were not. The primary
market for Methocel® is for use in solntion (typically | to 10% in water). The properties
of such dilute solutions. provided by Dow Chemical are dominated by water and are not
particularly nseful in the present context. An estimate of the binders specitic heat and ther-
mal conductivity were made from those of other cellnlose material.  The ratios of thermal
etfusivity and the thermal ditfusivity for the relevant materials were calculated. Table 3.1
illustrates the data. 'wo results were particularly significant. First. the thermal dithisivity
and thermal effusivity are an order of magnitude and two orders of magnitude. respectively.
higher for the metal than for the binder powder. Secondly. the binder was anticipated to
behave. thermally. like void volime. Thus regions of green sheet with ditferent ratios of
binder to alloy would be expected to have significant differences in thermal response. This
preliminary assessment provided a quantitative indication that thermographic inspection
woilld be promising as o method to detect the heterogeneity associated with FeAl powder
distribution in green sheet.

The detailed condnction of heat through the bulk of the green sheet is a tunction
of both the constituent properties and their spatial distribution. To this point. a brief

description of the production process through the de-bindering is provided. A\ process tlow
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Bulk Property FeAl Methocel | Air Ratio Ratio
Powder FeAl/Meth MethvAir

Density (g/cc) 6.1000 | 0.3500 0.001290 17.4 271.3
Spedific Heat (J/g-C) 06300 | 0.3000 * | 0.240000 2.1 1.3
Themal Conductivity (W/cm-C) 0.1100 | 0.0001 *]0.000058| 1100.0 17
Effusivity (J/(cm2-C-sec™/2) 06502 | 0.0032 0.003240| 200.6 1.0
Diffusivity (cm*2/sec) 0.0286 | 0.0010 0.000952 30.1 10
* estimated

Table 3.1: Material properties of the green sheet components. The relatively large ratio of the thermal properties of

the alloy to binder and the alloy are important considerations in the application of thermographic techniques.
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diagram is illustrated in figure 1-2. The FeAl powder is procuced via a water atomization
process in which a liquid phase mixture of primarily Fe (73 % by wt.) and Al (24 %
by wt.) is atomized and quenched in a spray to form alloy particles.  Figure 3-1 [l
shows a tvpical industrial water atomization svstem. The result is a broad distribution of
irreularly shaped particles. The small grains. resulting from the high cooling rates. are
conserved during processing of the final FeAl sheet and are essential to provide strength for
applications at clevated temperatures. The irregular shape of the particles is believed to
enhance the strength of the green sheet by increasing the inter-particle (riction. The powder
~ize distribiution is selected by sieving to a mean particle diameter of approximately 60 pm.
Figure 3-2 illustrates the irregnlar shape of the particles. The specified ratio of binder and
FeAl powder is blended and placed in the feed hopper for green compaction (see figure [-1).
['he compacted sheet is heated to decompose the organic binder and subsequentiy densified
and annealed to torm the finished iron aluminide sheet.

Althongh the fully dense FeAl product had been well characterized during process
development. little etfort had been made to characterize the microstructure of the green
compact. The tirst indication of the green sheet’s morphology came from its bulk density.
determined to be 3.6 grem?. Considering the relatively low density and loading of the
binder (1.1 g/cm? at about 2.8 % wt.) and a bulk alloy density of 6.1 2 cm?. the green
sheet was estimated to have a total void volume of about 10 7. Polarized light microscopy.
tigure 3-3. of the green sheet surtace provided the tirst insight into the binder distribution.
The agglomerates of binder are distinguished as light regions in the micrograph. Figure 3-4

illustrates two SEM images of a broken cross section of green sheet. The secondary emission
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Figure 3-1: Typical water atomization process for the production of alloyed powder [1].
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Figure 3-3: Polarized light micrograph showing the distribution of binder on the surface of green sheet.
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Figure 3-4: Secondary (SEI) and backscatter (BEI) SEM images showing alloy powder distribution.
BEI image indicate alloy while dark regions indicate binder and/or voids.
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(SEI) image. on the left. provides a large dyvnamic range to illustrate the morphology of the
break. FeAl particles which are pulled out of one surface of the break leave recesses in the
mating surface. The backscatter (BEI) image provides a high contrast which distinguishes
alloy surfaces from binder and void surtaces. Regions of alloy are indicated by light grey to
white areas while regions of binder and voids are indicated by dark areas.

Figure 3-3 is a micrograph illustrating the neck tormed during diffusion bonding,
or sintering. of two metallic spherical particles. Figure 3-6 illustrates the growth of a grain
boundary between two particles. The degree of densification is a function of the time and
remperatire allowed for diffusion. By controlling these parameters. metals and ceramics
formed in this manner can be produced with various porosities. In the case of FeAl the
de-bindering step minimizes the temperature and time to reduce to maintain small grain
sizes. Fiore 3-7 provides & view of this transformation.  The micrograph on the left is a
region of green sheet as it appears after compaction. The image on the right is a region of
compacted sheet that has heen de-bindered. Figure 3-8 offers a similar set of SEM images
at higher resolution.  Note the reduction in the faceted nature of the FeAl particles. the
elimination of the machine marks from the rolling operation. and the creation of voids in
the place of binder voinme. At the end of the de-bindering step the green sheet has been
transformed from a weak. tlexible. friable material into a porous metal with only a few
percent bulk volume reduction.

The investization of the green sheet constituent properties and their distribution
in the compacted form vielded several important results. First, the microstructure of the

sreen sheet cannot be described by a simple geometry. For purposes of modeling it is
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Figure 3-5. Diffusion bonding associated with particle sintering [1].
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Figure 3-6: Formation of a grain boundary between two diffusion bonded particles [1].
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Figure 3-7: Change in microstructure associated with de-bindering operation.
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advantageous to identify composite features such as planes of symmetry. preferred parti-
cle orientation. geometrical packing relationships for particles of known shapes and size
distributions. etc. The green sheet is best described as a composite material with three
constituents: alloy particles. binder. and voids. Based on the constituent densities. weight
fractions. and bulk green sheet density the compact mass is estimated at about 97% alloy
occupying only 30 to 60 percent of the bulk volume. The green sheet is a loose assembly
of irregularly shaped thermally conductive particles which are partly coated by a much less
conductive binder which also agglomerates to form regions of low conductivity, In addi-
Hon. significant voids are present throughout the structure. [t is tempting ro deseribe the
composite as a matrix-tiller system. However. this description is usually reserved for com-
posites in which the minor and major volume constituents are readily distinguishable (e.g.
10Y7 volume condncting tiller particles in a polymer matrix). The designations “tiller” and

“matrix” are somewhat arbitrary in the present case.

3.2 Preliminary thermography investigations

Preliminary experimental work focused on investigating the sensitivity of ther-
mography to obvious defects such as thickness variation. cracks. and artificial tlaws. The
delicate natnure of the green sheet made it relatively simple to induce surface mass luss by
lizhtly rubbing the a sample with a soft implement. Cracks could be induced by slightly
bending the pliable sheet. Production samples with various non-conforming anomalies were
also provided.

[nitial experiments were conducted using flash through-heating. same side step
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heating, and same side tlash heating (see section 2.3). [nsulated boundarv conditions were
approximated by suspending the samples in air during heating. Data were collected using
three different sets of instrumentation. Images from the front surface step heating were
obtained using an Amber Radiance [ infrared camera. with a maximum frame rate of 60 Hz.
in conjunction with two 300 W quartz lamps. This system provided a temperature slope
image at a specified time after initiation of a step tlux. The gray levels in these images
correspond to the variation of the rate of temperature change on the surface. The front
<urface tlash heating experiments were conducted nsing an Amber Radiance HS camera in
conjunction with two Hal(-ar\@ 6.1 kJ xenon flash lamps. The duration of the pulse was
approximately 10 pus. This svstem is capable of providing thermal images at frame rates
in excess of 1 kHz. The throngh-heating technique was implemented nsing an [Inframetrics
760 jnfrared camera in conjunction with a single Balcar® 6.4 kJ xenon Hash lamp. This
camera had a maxiniun frame rate ot 30 Hz. A rate of 60 Hz can be obtained by separating
the interlaced images. This [mages were collected and stored for post processing using a
o

Pvr(:cpticsw computer and image capture software. Post processing and analysis of all
images was conducted nsing \'isilu;{® image analysis software.

Figure 3-4 illustrates the ability to detect defects using step heating trom the same
side as the observation. [his specimen was provided as a part which was discarded due
to a crack which formed along its lower edge. The defects are distinguishable from the
surronnding material due to their ditference in heating rates. The intensity values in the
image represent the instantaneous slope of temperature with time at 6 seconds after the

initiation of heating with the quartz lamps. The absolute temperature remained
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Figure 3-9: Detection of defects using step heating with quartz lamps.



below 40° C. At this point in time the finite thickness of the sample is reflected in the
image contrast. The through crack and dense edge were pre-existing sheet defects.  This
densified edges are created due to the deflection of the compaction rollers. Prior to this
data the only quantitative indication of this feature was a horizontal x-ray line scan. None
of these two dimensional subtleties had been observed. The thin region on the back side of
the specimen was created by lightly abrading the surface. It is estimated that less than 10%
of the material was removed.  The low mass region is distinguished from the suwrronnding
malterial by a relatively large rate of temperature increase. The triangular shaped piece of
masking tape was placed on the back side of the sample to locate the abraded region. The
etfective mass contribution of the tape. normalized to area. was estimated to be 3%, This
added thermal load is retlected in temperatnre time derivative slope smaller than that of
the surrounding material. The relative intensity of the crack has two contributing factors.
First the crack consisted of a =\ shaped grove. Thus the material closest to the crack was
actually thinner than the surrounding material.  Secondly. cracks tend to exhibit locally
hizher emissivity due 1o a cavity etfect (34

Standard thermographic investigations usually involve the testing of a series of flat
bottom holes. of various diameters and depths. which are milled into the back side of a test
panel 18l Since this was not a feasible using the green material. a test was performed by
adding increments of mass using cellophane tape. Different thermal loads were achieved
by adding successive lavers of tape. A single laver of tape was estimated to provide less
than 1% added mass. Figure 3-10 illustrates the resulting thermal slope image from step

heating. One layer was not easily discernible from the background. Lavers two through five
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Figure 3-10: Detection of cellophane tape layers. Air gaps are believed to cause non-uniform gray scale steps.
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were easily detectable. Although this image does not show the distinction of layvers four and
tive. they were differentiated using the full dynamic range of the data as illustrated in the
accompanying line plot. Air gaps between tape layers are believed to have caused variations
in the step heights seen in tigure 3-10.

A sample with well behaved mass and thickness variation was obtained from rou-
tinely discarded production material. Sheet obtained during the depletion of the hopper
charge is deformed. As the blend trickles out a thin tapered edge is formed. The material
has & nominal thickness at one end with the thin end taking on a “V" <hape. Micrometer
readings were taken by placing the green sheet on a granite slab. The specimen had a
thickness of 700 jun at the thick end and a thickness of 350 gm at its thin end. Figure 3-11
illustrates three ditferent images of the tapered sample. The optical image shows the grid
nupon which the micrometer readings were taken. The thickness of these white cross-hair
lines are scaled to the actnal thickness of the green sheet. This provides a relative thickness
to width reference. The middle image represents the rate of temperatiure change. ST/t
Asinthe case of tiemres 3-9 and 3-10 the thin regions are clearly indicated by their relatively

0o
larze thermal slopes. Fignre 3-12 compares an x-ray image. taken using a Di;z,il'a_\"\“) digital
<-ray instriment. with the heating rate image. Both depict the thin tapered edge toward
the bottom of the tivure. Even thongh the x-ray image was generated nsing a relatively
long integration time (about 10 minutes). the thermal image contains many more detailed
features.

Figure 3-13 provides a more detailed illustration of other thermal features. The

best contrast was achieved by sampling the thermal slope just after the quartz lamps had
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Figure 3-11: Optical image, thermal slope image, and micrometer readings for tapered sample [36].
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Figure 3-12; Comparison of a digital x-ray image and a thermal slope image.
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been turned on (i.e. during the ramp portion of the step heating). After allowing the
sample to reach equilibrium. on the order of 10 seconds. the contrast in the raw thermal
image minimal. This indicated that the variation in emissivity across the surface of the
sample was negligible. When the thermal gradient through of the thickness material is

small the gray levels in figure 3-13 are indicative of the magnitude of % (equation 3.1).

JIT(t)  Q

= (3.1)

At ch'yv
Thus for a uniform radiant energy per unit area. Q. absorbed by the surface the light
gray levels are indicative of a combination of thin sheet and,/or low thermal mass. As is
<hown in tigure 3-11 the lower edge of the specimen was measiured as having a thickness
almost hall that of the nominal thickness. However. the translation to geometrical thickness
can only be made it variations in bulk thermal properties are known. At the time the
tack of compositional information made it impossible to de-conuple these factors.  The
etfort to conclusively separate these etfects became a focal point of later investigations and
will be discussed later in the context of samples with controlled composition. However.
it is instpictive to point out the process features which influenced these results and the
cunclusions which can be drawn from this sample. [t is clear from the micrometer readings
that a thermally thin response would be expected at the tapered end of the sample. However.
without independent confirmation of local sheet composition an etfect from a gradient in
blend composition could not be eliminated. It was observed that as the vibrating hopper
emptied the metal and binder powder segregated. The lighter binder rises to the top of the
blended charge. As described in the section on blend components. the binder has a value

of % orders of magnitude smaller than that for the FeAl powder. Therefore a higher
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of f’—f— orders of magnitude smaller than that for the FeAl powder. Therefore a higher
concentration of binder along the tapered edge could have contributed to an enhanced
heating rate.  Note that the circled region in figure 3-13. denoted as a heterogeneity,
exhibited a pronounced localized heating rate. This region displaved no obvious thickness
anomalies vet. to the eve. it was lighter in a color consistent with the binder. As will be
shown. such regions were later confirmed to be areas rich in binder. Fignre 3-1.1 depicts the
variation in heating rate (gray level) along the length (dotted line) of the specimen.

The same specimen illustrated in tigare 3-14 was investigated nsing the throngh-
heating technigue.  This approach. typically referred to as the Parker method [LH. relies
on the temperature increase at the surface opposite that of the excitation source. i.e. the
speeimen is between the camera and the tlash lamp. Figure 3-15 illustrates the diffusion of
the heat through progressively thicker regions of the sample. The lack of detail exhibited
in the front surface step heating (see tigure 3-14) resulted trom several factors. The Infra-
metrics TH0® camera had loss spatial resolution and a frame rate halt that of the Radiance
[ In addition. the siznal at the back surtace of the sample arrives late cnongh to allow
for lateral dithision.  'hus features highlighted by boundaries in the plane would be less
discernible.

Figure 3-16 illnstrates the quantitative data obtained from this technique. The
sraphs represent the time-evolved temperature at each of three different pusitions. Nute that
the characteristic time to reach half the maximum temperature increases with increasing
thickness. The region of nominal thickness reached its maximum temperature in less than

about 0.50 sec. The estimate of thermal diffusivity from this data is about 0.0023 cm?/sec.
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Figure 3-14: Line scan of thermal slope image obtained early in the step heating [36].
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0.000 sec. 0.067 sec. 0.134 sec.

0.200 sec. 0.400 sec.

Figure 3-15: Sequential images showing thermal response through progressively thicker regions of the tapered sample.

*“A” is the thinnest region and “C” is the thickest region [36].
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As would be expected. from the material properties of the binder. this is much lower than
that obtained for the final sheet material. about 0.030 cm?/sec.

Data trom the previously escribed experiments indicated that active thermog-
raphyv could provide significant qualitative information and had the potential to provide
important quantitative information as well. The next step was tu investigate the ability to
extract this information while considering the manner in which the green sheet would be
presented for inspection in the production environment.  The material wonld need to he
inspected as it was translated. supported by a substrate. across the ticid of view at about
0.5 cmysee. The carly tests. through-heating and same-side step-heating, indicated that a
same-side tlash technigque could provide the speed and sensitivity necessary to detect the
features of interest. For example: At carly times. less than abont 200 mes. the substrate has
a negligible etfect on the thermal field within the sheet. i.e. sheet is thermally thick over this
time regime and approximates a hall space (see figure 3-16). [n addition the sheet would
travel less than about 1 omm during this time resulting in reasonable spatial resolution in
the plane. These etfects will be discussed in greater detail in the model development.

Figure 3-17 is an optical image of a specimen. The arrow indicates the material
machine direction. Note that the surface is fairly uniform with only small regions of minor
discoloration. A Radiance S camera was used to acquire thermal images at 500 Hz.
[nteresting teatures were obtained very early in the image sequence. Figure 3-1n [ is a
thermal image obtained 32 ms after the Hash. Figure 3-18 [I provides a view of the same
data with the gray scale adjusted to enhance the contrast. According to early time data,

from the through heating experiments. it is obvious that the thermal diffusion distance
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Figure 3-18. Thermal image obtained 32 ms after flash.

I - Low Contrast
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at 32 ms is a small fraction of the thickness of the material thickness (see tigure 3-16). The
features persisted through the temporal sequence of thermal images. [n order to verity that
these features extended through the volume of the sheet an image sequence was captured
for the upposite side of the sample. Figure 3-19 clearly shows that. as far as the dominant
features are concerned. the images are transposes of each. Tests with uther samples were
consistent with this result. Thus the inference is that the thermal properties of the sheet
are essentially twao dimensional. This is not surprising if one considers the extent of these
featnures relative to the thickness of the material (see cross-hair lines in Houre 3-11).

The next step was to identify the physical differences contributing to the difference
in thermal behavior.  The sample was sacrificed to determine the weight and thickness of
tive regions.  Sinee the features were not visible to the eve. a template was devised nsing
a high contrast thermal image printed to scale on transparency medinm. The regions to
be sampled were then ent ont of the template using a cork bore tool. The template was
raped over the specimen and the green sheet sample plugs removed using the same cork
hore. Figre 3-20 identities sampled regions per the thermal image.

The mass of each core was measwred. An area normalization factor was determined
for each core by converting the optical image of the core sample into a binary image. The
pixel count for each hole was proportional to the core area. This was then calibrated using
known reference dimensions from the specimen. The mass per unit area in combination with
the various core thicknesses could be used tou calculate local bulk densities. Several failed
attempts were made to determine the thickness of the cores by mounting, cross-sectioning,

and inspecting them nnder SEM. Unfortunately the material was too fragile for
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Front Side Back Side

Figure 3-19; Thermal images for opposite sides of the same green sheet specimen. The transposition of the
dominant features shows that they are present through the thickness.
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Figure 3-20: Thermal image showing regions A through G which were removed from the specimen for characterization.
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this to be accomplished and most samples disintegrated during the mounting for microscopy.
The few measurements made indicated that thickness variations were less than a few percent.
Recall from the analytical heat conduction solution for an isotropic homogeneous solid that
for early times it is expected that the thermai signal should be linear with the inverse of the
thermal effusivity. » = /pr(C’.. The detailed dependance of effusivity and the associated
material properites are discussed later using reference samples of known composition. At
this point in the sudy the only the bulk density was determined. Figure 3-21 shows a plot of
the signal. normalized with respect the range of the regions sampled. versus the inverse of
the square root of the bulk density. normalized with respect to the range of regions sampled.
The tact that the plot is a reasonable linear fit indicates that the product of xC',, would be
expected to vary approximately linearly with the volume fraction of allov. This issue will be
addressed quantitatively in the compuosite model described in chapter L The error bars for
the intensity valies are based on the range ot intensity over the sample region and would
have been smaller if it had been teasible to sample smaller regions.  The data are in good
agreement with the analvtical solution. Figure 3-22 is an SEM backscatter micrograph of
the cross section of the resions (A and G in Figure 3-20) with the highest contrast in the
thermal image.  The image has been converted to binary form to estimate the relative
volume fraction of FeAl. The dark regions in figure 3-22 represent the metal species and
the light regions indicate binder and. or. void regions. The pixel statistics indicates that
region A\ contained 31% FeAl by volume while region G contained only 5% FeAl. This
result was confirmed by calculating the ratios of the bulk densities of samples A and G.

using the mass data and taking into account the difference in thickness. The details of this
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45% FeAl By Volume

Figure 3-22: Backscatter images illustrating the difference in FeAl volume fraction for regions A and G.
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relationships and the impact on quality will be discussed later in the context of process

influences. large scale production sampling, and standard reference material.

3.3 Conclusions of preliminary investigation

These investizations were important in establishing the viability of the thermo-
araphic inspection of green sheet and defining the inspection parameters. Minor artificial
defects and. more importantly. naturally oceurring variations in production green sheet
cortld be detected and located.  Figure 3-23 provides a comparison of the different tech-
niques applied in the preliminary investigations. The front tlash technigue provides the
speed required for production and has resolution comparable if not superior to the throngh
heating techniques. In the production environment the material is presented lving on a
conveyvor belt with production rates of about 300 em® ‘min. In the present stndy image
areas approximately 250 cm® were acqired and displayed within several seconds. The
~patial resolution was as high as 0.5 mm. Thus it was conehided rhar 10057 inspection
sood spatial resolution was feasible. [t was also important to understand the conditions
nnder which the supporting substrate shondd be taken into account. The through heat-
ing experiments showed that after about 500 ms significant interaction with the substrate
would perturb the rhermal tield within nominal green sheet. In other words. bevond this
period the finite thickness and non-insulated boundary of the specimen must be considered.
Several questions were left nnanswered. The correlation between lucal bulk mass and the

thermal data was promising vet further work was necessary to provide concliusive results
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Figure 3-23: Comparison of data collected for a tapered green sheet sample using several techniques.
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as to the variation in composition. [arthermore. the relevance of these variations to the

quality of the final product was not established.
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Chapter 4

Material Inspection Method

4.1 Introduction

At the unset of the research neither the nature of the green sheet defects nor the
murphology ol its nucrostructure were well characterized.  Most of the materials develup-
ment etfort had 2one into characterizing the mily dense FeAl product. Within the defined
arocess parameters, ireen sheet deemed acceptable wonld otten tail during processing.  The
tirst phase of this experimental work tocused nnderstanding the sheet morphology. on the
‘evel of the FeAl particies. and establishing the viability of detecting gross rlaws with ther-
moeraphy. This invoived preliminary investigations using several ditferent rechniques and
cquipment available at the Nondestructive Science Branch of the NASA Langley Research
Center. This work provided the basis for a preferred inspection mode and indicated that a
more detailed investigation of the bulk thermal properties. as manifested by the relative con-
centration of FeAl powder. was in order. [n this second phase of the research a dedicated

laboratory inspection system was assembled and a systematic study of the heat transfer

~(
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within green sheet was conducted. The understanding of the thermal transport properties
as a function of FeAl volume fraction provided for the development of a calibrated math-
ematical model. The goal of identifving the mechanisms associated with tlaw formation.
in FeAl sheet, from green sheet precursors. was achieved by conducting a process tracking
study. In this investigation thermal data were collected for a large quantity of production
green sheet. The sheet was then processed in the normal fashion. After each step in
the process the resulting material was inspected using the standard production practices
and procedures. These data allowed for the spatial correlation between the heterogeneity
associated with FeAl volhume fraction and critical defects which emerged down stream in the
process. The result was an inspection protocol which provides for the prediction of defect

ocenrrence, in densified FeAl sheet, based tlaw precursors in the green sheet,

4.1.1 Equipment

Several experimental arrangements were used over the course of this research. Dur-
ing the preliminary or exploratory phase. both the same side and opposite side techniques
were 1sed with step funcetion and flash heating modes (see Chapter 2). The bulk of the pro-
duction and reference materials. nused to identify material law morphologies and provide
for model calibration. were investigated using a front tlash system assembled specifically for
the inspection of green sheet. A description of this system follows.

Figure -1 illustrates the inspection geometry. Figure I-2 is a wide angle view of
the laboratory inspection system and figure -1-3 idertifies the major hardware components.
These are the Raytheon Radiance HS infrared camera. the Balcar tlash lamps. the specimen

platform, and the data acquisition computer. Figures 4-1 and 45 are views of the
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Figure 4-2: Wide angle view of inspection prototype.
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Figure 4-4: Inspection platform showing specimen orientation, reference plate, and scale.
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Figure 4-5: Close-up view of inspection platform.
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inspection platform. The working surface of the platform was covered with the same belt
material used for the compaction take-off conveyor in the factory. An aluminum reference
scale with engraved black markings was attached to the top of the platform. This served
two purposes. [First it provided a straight edge and origin to locate the sheet samples.
Secondly it provided an absolute reference trom the end of the sheet which was imaged
during the acquisition of thermal data. The high emissivity of the markings on the aluminum
backeround provided sutficient contrast to read the scale in the thermal image. This scale
was critical in developing a spatial correlation between the thermal features of the green
sheet and the tlaws which evolved during processing, The platform was monnted on a set of
rollers which allowed tor translation of the sheet in the tield of view, A flat black reference
plate was provided to check the response of the camera-lamp systemn.

The camera. Ravtheon's Radiance S infrared camera. contains a 256 x 236 Insb
tocal plane arrav. A 25 mun lens was used in combination with a camera to sample distance
which provided a tield of view approximately 17x1". This arrangement was chosen to allow
tor the full width o the specimen to be imaged at one time.  [nSh detector technology
was chosen for two several reasons. First. it has a high quantum etficiency (>235%). In
comparisun the more popular and less expensive PtSi focal plane array cameras have a
quantum etficiency of less than 10%. [n addition the readont electronics of the InSh camera
provides “snap shot” data acquisition. This capability allows all 63.536 CCD detectors
1o be integrated over the same time period. The combination of high etficiency. parallel
detector integration. and 12-bit digital output provides for high spatial resolution uf fast

thermal events. An integration time of 3 p 5 and a frame rate of 60 Hz was used for the
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inspections. The system exhibited variation due to flash timing and detector drift. The
flash was svnchronized to the camera clock and occurred on the next clock cvcle after the
trigger. The uncertainty was found to be less than one trame (e.g. < |7 ms). The combined
etfect is illustrated in figure -1-6. The plot shows the distribution of the detector signals for
5 flash inspections over a period of 6 hours. The specimen remained the same and the
instrument settings were held constant over the six hour period. This data demonstrated
the need to frequently calibrate the camera. Detector variation can be acconnted for by
having a reference sample in the tield of view during inspection.

Fisure 17 provides a tlow chart of the inspection procedure. Prior to inspection the
alignment of the system (lamps. platform. and camera) wonld be veritied. The symmetry of
the heat tux was characterized nsing the tlat black reference plate shown in tisure -1 The
camera was calibrated using two internal references set at room temperatures and 509 C.
[he resudting two point calibration look-up table spanned the heating range of the samples.
Polvearbonate shields were used to minimize heating after the initial tlash. .\ sequence of
post-tlash thermal images were obtained for each position or frame along the sheet. With a
tvpical sheet length of s6.1 o eight full frames and a ninth partial frame were required to
image the complete part. An overlap of about 1.5 ¢cm on each end of every frame was used
1o assure coverage uf the whole sheet. This also provided for redundant data for regions of
the sheet at both the left and right edge of the tlux field. Artifacts due to asymumetry in

the excitation could detected by comparing the data obtained at the two edges.
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4.2 Reference samples

Prior to the current investigation. little information on the properties of the green
sheet was available. Reference composites were fabricated by controlling for compact com-
position and fabrication pressure. This provided for a fundamental understanding of the
dependence of composite thermal properties un key process variables and allowed for model
calibration. Qualitativelyv. it was known that high binder levels resulted in low green den-
ity and subsequently porosity in the tinal FeAl sheet. In extreme cases. preliminary sin-
rering, during binder elimination. could not be achieved and the compact disintegrated in
the furnace. At the iow binder content extreme. the green material lacked the strength
o be handled. making tirther processing impossible. For the most part. the green sheet
“database”™ on which the process had been developed consisted of the collective experiences
and intuition of a few production experts. Thus. quantitative relationships between green
~heet properties and the mechanisms of Hlaw development in tinal sheet had not been es-
mablished. The svstematic development of appropriate reference standards was required to
provide for this fundamental nnderstanding,.

The characterization and nnderstanding of this filler-binder distribution is an im-
portant step in the design of any powder metallurgy manufacturing technique (1] Y], In
the present case the primary design vbjective was to optimize green sheet strength while
minimizing binder content since excessive binder contributes carbon which can have an ad-
verse effect on the tinal microstructure of the fully dense FeAl. As will be demonstrated.
the relationship between binder concentration and filler particle separation is dominated by

two effects. At low binder concentrations the addition of binder lubricates the compuosite
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by reducing the friction between the filler particles. Thus. for a given compaction pressure.
the alloy particle separation decreases with binder addition and the volume fraction of FeAl
increases. As the binder level increases the effect of dilution dominates and the FeAl vol-
ume {raction decreases. This etfect is manifested in the bulk density, strength. and thermal
transport properties of the compact. The data provided herein represent the first system-
atic characterization of the FeAl-binder system. Prior to this work the optimum binder
loading, 2.2 wi.%4. had been determined by trial and error nsing large batch production
runs. The current approach compacting small batches of test blends. is much less expensive
and provides convenient performance relationships.

The reference samples provided significant insight into the properties of the com-
paction material. Several aspects of the samples and their characterization are presented.
I'he sample population was based on a matrix of blends and compaction pressures designed
around standard praoduction parameters. Details of composition will be described followed
by a deseription of the bulk mechanical properties: density. strength. and volume fraction
of FeAll A preliminary investigation into the thermal properties involved rhe “nominal pro-
duction reference” and two extremes in formudation. [00% binder powder and 100% FeAl
powder. The details of the thermal behavior were explored using a ranee of compaction
conditions and tormulations. Through and same side tlash excitation modes were nsed to
determine the thermal diffusivity and effusivity of the specimens. These data were then
nsed to calibrate the green sheet heat transfer model. A description of the model. which

accounts for composition and green sheet thickness. follows.
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4.2.1 Specimen fabrication

A primary objective of fabricating FeAl green references was to produce speci-
mens that spanned the variations observed in the roll compaction process. The thermal
and mechanical properties of these samples were then characterized as the parameters of
the fabrication process were systematically varied. [deally standards would be fabricated
using the production process. For example. batches of known combinations of binder and
alloy powder would be mixed and formed into green sheet. Preliminary attempts at this
approach confirmed that the production process lacked the capability necessary to provide
such samples. The fabrication technique nsed is based on the Metal Powder Industrey Fed-
eration (MPIF) standard method for the assessment of green compact strength (191, The
MPIEFE test prescribes a weight of metal powder to be loaded into a die and compacted. nsing
a uni-axial press. No binders or Inbricants are added to the metal powder in this standard
method. The result i a compacted green bar. measuring 3.20 ¢m by 12N em by T cm.
I'he thickness ¢ T') varies with the powder properties. The strength of the bar is measiured
dsing a three-point break test. This test provides for alloy powder quality screening since
the strength is indicative of the particle size distribution. particle shape. and hardness. In
the preliminary investigations two types of samples were made with blends of FeAl and
binder powders. The tirst were ~thin™ samples with thicknesses on the order of the pro-
duction sheet specification (0.069 ¢m). The second were “thick™ specimens. which were on
the urder of ten times that of the production sheet (0.640 cm). The later provided a green
fracture strength and served as an effective thermal half-space. relative tu the production

thickness.
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Reference Master Blend (g) | FeAl (g) | Binder (g) | % Binder | % FeAl
Blend
S1 0.00 200.00 0.00 0.00 100.00
S2 200.00 475.00 0.00 0.84 99.16
S3 200.00 204.00 0.00 1.40 98.60
S4 200.00 69.00 0.00 2.10 97.90
S5 200.00 0.00 0.00 2.82 97.17
S6 200.00 0.00 5.30 533 94.66
S7 200.00 0.00 16.75 10.33 89.66
S8 200.00 0.00 44.00 20.34 79.65

Table -L.1: Reference blends

1.2.2 Characterization

The study involved two sets of references provided by the production facility.
Blends were prodiced by taking 200 g portions of the standard prodnction blend of binder
and alloy and diluting rhem with either binder or alloy powder. The reference bleud codes
and percentage weights are listed above in table -1 1. These mixtures were nsed to determine
the compaction foree at which the master blend vielded the roll compaction specification
ot thickness and density (656 pm @ 3047 g7ce). From this it was determined that a 925
me blend loading woilld be needed for the die. These samples were based on the blends
deseribed in table 1. The etfect of compaction pressure was explored using the production
blend (53). This blend was widely available from the production stock whereas the non-
standard blends were available only in limited quantities. The resudting matrix consisted
of the 13 samples described in table 1.2. The volume fraction of alloy was calculated tfrom
the rativ of the bulk density of the specimen. the density of FeAl and the ratio of alloy to

binder in the blend.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FeAl Volume Fraction (%)

Reference Binder Press Setting Tons

Blend (%owt.) | 97 ] 11.9 [ 13.9¢| 189 | 23.9
S1 0 53.8
S2 0.8 54.6
S3 1.4 55.1
S4 2.1 55.7
S5* 28 |497| 532 | 55.3*| 59.1 | 63.6
S6 53 53.7
S7 10.3 48.7
S8 20.3 38.1

* Standard production conditions

Table L2: Volume fraction of various reference samples
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Figure 4-8 shows the dependence of bulk density on compaction force and binder
content. The lubrication effect dominates at low binder levels and the density actually
increases. Since the binder density is about | g/cc and the FeAl density is about 6.1 g/cc.
the density begins to decrease at binder levels above about 2.0 % by weight. An increase
in compaction pressure shifts the curve to higher densities. The details of this behavior
wili be different for each binder-alloy compact system. but the general shape of the curves
and trends are common for production materialsil]. [t was determined that 13.9 tons of
compaction torce vielded the target density at the nominal binder to alloy ratio. Figure 1-Y
<hows the dependence of the green compact strength as a function of binder content for this
compact. The error bars indicate the range of three tested samples. This curve is consistent
with the same phenomena illustrated in the density eurves. As the pure alloy compact is
lubricated with minor additions of binder the strength is rechuced. The internal triction in
the bar suppurts a lower and lower stresses before yielding. The minimum strength oceurs
aronund a few weizht percent binder. The strength of the compact approaches that of the
binder for large binder volnme fractions.

The same mechanisms. lubrication and dilution. responsible for the bulk density
and strength behavior are retlected in the change in volumme fraction with compaction force
and FeAl loading. Fisure 110 illustrates the peak in the volume fraction which occurs at
97.2 wt. "7 FeAl lvading. For the nominal production ratio of allov to binder the volume
fraction of FeAl increases monotonically as the compaction force is increased (see tisure
-11). The increase in FeAl volume fraction results from the elimination of compact voids

with higher pressure application. The FeAl volume fraction approaches a maximum
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Figure 4-8: Variation of bulk density as it depends on compaction force and binder loading.
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Figure 4-10: Alloy volume fraction as a function of percent FeAl powder. Data are for a nominal compaction force

of 13.9 tons.
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associated with the approach of zero void volume. The compaction force associated with
this asymptote was not explored since it was found to be over twice that of the normal
processing levels.

Thermal data were collected for reference panels constructed by arranging groups
of specimens. Figures 1-12 is a thermal image illustrating a typical panel layout. \ thermal
time seqience was captured for various reference samples and the signal analyzed. At
cach point in time a spatial average for every part was determined.  The mean signal
was obtained within a rectangle covering approximately 75% of the | em? specimen area.
The initial thermal investigation was based on three compositions: 100 70 wt. binder.
97.2 wit.'{ FeAl (the production level) and 100 w9 FeAl Figure 13 shows duplicate
enrves of Hash responses for these samples, The thermal data were normalized by dividing
subsequent image data with a reference image obtained just after the puise.  Recalling
that the analvtical solution tor the normalized temperatire transient can be obtained from
normalizing equation 2.16. which is

','[::
[(f‘ = —_— t — t =7 !
(Vf)h('\l“’ (V v ) ) )

Z (L) F() -_vt——Ym"m -

ro=l

n

With F(#) defined by:

L2 ST 22
1(t) = exp n _ V ‘_‘_n - Erfol n
[4

Y

(1.2)

Where Fe = (§ is the radiant energy per unit area absorbed by the surface and = is the

pulse duration. Thus '\ (t) is defined by

Tv(t) = == (1.3)
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Figure 4-12: Thermal image of green compact reference panel.
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\Where [ is the time at which the reference thermal data is obtained. Thus the normalized
cooling curve is clearly independent of the effusivity and differences in cooling rate are in-
dicative of the relative value of % Since the samples were nominally the same thickness
0.640 cm.. the differences in the relative cooling curves are indicative ot the relative diffu-
sivity of the compacts. As expected the 100% binder sample exhibited the slowest decay
rate associated with a relatively low ditfusivity. The 100% alloy powder has the next lowest
ditfusivity. However. a slight addition of binder to the alloy compact increased the diffusiv-
itv. 'his retlects the etfect of binder on the reduction of FeAl volume traction and thus the

mean alloy particle distance while enhancing the particle connectivity.

4.2.3 Assessment of heat transfer properties

Reference panels were assembled by arranging groups of reference samples on a
substrate. Figure =11 shows a thermal image for the series of reterences fabricated with
nominal compaction pressure and variations in binder addition. This imagze was obtained at
Soms after a tront tlash excitation. Figure 115 illustrates the normalized cooling curves for
the series of thin samples representing variations in binder level. The cooling curves shift to
lower values as the binder level is decreased tfrom the highest level of 20.3 U by weight. This
is consistent with the results tor thick specimens. The dependence of ditfusivity on binder
level is non-trivial due to the lubrication and dilution effects on alluy particle percolation
paths. Below the 2.5 binder level the signal differences are in the nuise level. Figure
I-16 shows a thermal image. 50ms after the excitation. for the series of references with the
nominal binder addition and variations in compaction pressure. Figure 1-17 illustrates the

effect of pressure on the thermal decay. For the nominal binder concentrations. increasing
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Figure 4-14; Thermal test panel with variations in binder concentration. Composition is indicated as percent
volume fraction alloy, top number, and percent weight binder, bottom number. The thermal image was
obtained 50 ms after the heating pulse.
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Figure 4-16: Thermal test panel with variations in compaction level. Compaction force is indicated in tons.
The thermal image was obtained 50 ms after the heating pulse.
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the pressure increases the alloy volume fraction and increases the thermal diffusivity.

The quantitative comparison of the thermal behavior of reference samples takes
advantage of fundamental heat transfer relationships described in Chapter 2. For conve-
nience the relevant detinitions are restated here. The thermal diffusivity. . and thermal
etfusivity, «. are detined in terms of the bulk material properties of density. p. specific heat.

(".. and thermal conductivity, ~. as follows.

n = — (L-b)

¢t = VIL)( ',.h: { l-))

The thermal diffusion leneth, oL deseribes the distance to which the thermal field has dithsed

into the bulk material at a time. ¢, after the excitation.

N = vat (-1.6)

It was determined in the preliminary investigations that these times were ou the order of a
few hundred milli-seconds, For times shorter than this the thermal dithusion lensth is small

relative to the geometrical thickness. L. This condition is described by
— | (LT

[n the case of throngh heating the thermal diffusivity can be determined from the normalized
heating protile at the back surface of the sample [1.|. where ¢, ., is the time to half the
normalized peak temperature.

(1.38)L?

L2 T2a
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A relevant thermal parameter for same side flash thermography is the thermal effusivity, «.
For large values of %; after the end of the excitation pulse. the effusivity can be described

by the decay in temperature governed by

Fe
b=l (1.9)
I'(t)v=t

Where Fer is the energy absorbed per unit area by the surface during the pulse. ¢ is the
rime reterenced from the end of the pulse. Effusivity is given by the slope of T'(¢) vs. \—1715
the absolute change in the temperature as measured from the peak temperature.

The ditficuity in measuring absolute effusivity and ditfusivity lies in the precision
with which the reference time can be established. [t is obvious from equation -£.9 that the
error in effusivity is strongly dependent on the accuracy with which une can determine the
reference time from the end of the Hash., This is of particudar concern at small times (i
when the error in knowing + = 0 is a significant fraction of the absolite time). For the
conditions under which the enrrent data was obtained the reference time was known within
one frame (@ 60 Hz) or abont 17 ms. With signal decay rates of T0% during the tirst 50
ms. an uncertainty in the reference time of 17 ms vields a 23% crror in the signal level.
For this reason the normalized temperature Ty (¢) was obtained by dividing subsequent
signals by the peak signal vbtained just after the end of the pulse. The thermal diffusivity
determination was conducted using the through-flash technique. The accuracy of measuring
the thickness of the samples is known and the relative error in the time measurement was
small. As will be shown in the next section. the results obtained for the diffusivity are

consistent with the ubserved front surface temperature decay.
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Reference Binder Press Setting Tons

Blend (owt) [ 97| 119 | 13.9*| 189 | 239
S1 0 0.95

S2 0.8 0.90

S3 1.4 0.89

S4 2.1 0.89

S56* 2.8* 1.00| 0.96 | 0.92 | 0.92 | 0.86
S6 5.3 0.83

S7 10.3 0.83

S8 20.3 0.76

* Standard production conditions

Table L3: Relative cooling rates of reference samples during the tirst 165 ms after the end
of the heating pulse.

The relative cooling rates were explored as an indicator of binder loading and
compaction force. The nse of a few selected frames. from the decay sequence. as a measire
of quality can signiticantlyv reduce the time required for computations during the inspection.
An average cooling rate was determined from the thermal data obrained ar 168 ms after
the end of the flash (i.e. the relative temperature. at 168 ms. obtained trom the curves
depicted in figiures -15 and 1-17). This time was used since the relative temporal error.
1T ms. was small vet the signal-to-noise was still good. Figures 4-1% and 1-1Y illustrate the
dependence of cooling on the sample composition and compaction level. Table 1.3 provides
the same data. Specimen thickness data is illustrated in tigures 4-20 and 1-21. The change
in thickness is directly related to the change in bulk density previously described.

Figures 122 and 23 depict the normalized heating curves assuciated with the

temperature rise on the back side of the specimens used in the through heating experiments.
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Figure 4-18: Relative cooling rate of reference samples during the first 168 ms after the flash. The higher binder
concentrations result in a decreased front surface cooling.
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Figure 4-21: Varation in thickness as a function of binder loading.
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Figure 4-22: Normalized temperature rise for through-thickness heating as a function of binder loading.
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Figure 4-23. Normalized temperature rise for through-thickness heating as a function of compaction level.
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At early times no significant temperature rise is detected. This is the “thermally thick”
regime. Later in time the temperature increases in accordance with the bulk thermal
ditfusivity. The larger the diffusivity the higher the rate of temperature rise. At long times.
within the validity of the adiabatic assumption. the peak temperature is reached. These
thermal transients are consistent with those obtained for the same side Hash inspection (see
tirmres =15 and -17). Figure 1-22 illustrates the increase in back side heating as the level of
binder is maditied. The 20.3 we. % binder sample exhibits the slowest response and below
a few pereent binder the enrves are not significantly different. The otfect of compaction.
tigure =220 is mnch more pronounced as it was for the same side excitation (see tigure
-17). Equation L> was used to determine the diffusivity of each sample. The thickness
measiretnents were fonnd to have an nncertainty of = 0.0013 cm. This contributed an
nncertainty of 3.55% to the calenlation of «. The uncertainty in £y 4 was = 16,7 ms resulting
in an average uncertainty of 5.1'%. Thus the uncertainty in the valne derived from L8 was
tvpically = 9%, Figures 1-221 and 1225 are plots of the variation of thermal dithusivity as a
tinction of binder loading and compaction respectively.

Tu summarize. the heat transfer behavior of the compacted blends are consistent
with the physical changes resulting from variations in compaction pressure and composition.
Although the behavior is complicated by lubrication at small levels ol binder. this regime is
associated with high volume fractions of FeAl. It was anticipated. and eventually verified.
that the alloy poor regions would be associated with porosity and its associated defects. In

the next section a model will be developed which explains the ubserved heat transfer
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in terms of the properties of the blend constituents. the volume fraction of FeAl. and the

structure of the compact.

4.3 Green sheet heat transfer model

The development of a valid heat transfer model is important for several reasons. [t
provides a basis for exploring the sensitivity of the inspection technicuie to material designs
cmtside the current mannfacturing regime, Having this capability is particenlarly important
in an environment where the inspection technology is being developed concurrently with
the manmfactiuring process. For exarmple if the production specitication for the ratio of
binder to allov were to change daring process development it would be necessary to validate
the etfectiveness of the current inspection method for the new composite. The amount of
experimental work can be significantly reduced using resuits provided by the model. [n the
extreme case a completely ditferent process may be used. Tape casting is being explored as
i replacement tor compaction. In the tape casting process the allov powder is mixed with
binding agents and ~izniticant quantities of solvent. The result is a slurry which is cast
directly onto a convevor belt. The slurry is dried into a green sheet vielding allov volume
fractions in the same range as those of the compaction process. A\ valid heat transfer model
provides a basis fur assessing the limits of a particular inspection method.

The model is designed to take advantage of the green sheet morphology and the ge-
ometry of the tlaw precursors. The planar geometry of the green sheet and the demonstrated
rwo dimensional nature of the tlaw morphology makes the nse of a rectangular coordinate

svstem appropriate. The time dependent thermal response of the green sheet is described
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by the solution for heat conduction in a slab with a pulsed excitation and insulating bound-
ary conditions. This solution assumes bulk properties assigned to the slab. As has been
described in the section on heat conduction in solids. the important thermal parameters are
the effective diffusivity. .y = (r/pC'v), sy and effusivity. e.pp = (VprRC,)ess. Thus. a key
feature of the model is determining how to handle the bulk properties.

The microstrmcture of the green sheet cannot be described by a simple geometry.
For purposes of modeling it would be advantageous to identify composite featnres such
as planes of symmetry. preferred particle vrientation. geometrical packing relationships for
particles of known shapes and size distributions. ete. Examples are models developed o
describe the thermal behavior of composites consisting ol parallel layers. The sreen sheet is
best described as a composite material with three constitients: alloy particles. binder. and
voids. Based on the constitnent densities. weight fractions. and bulk green sheet density
the compact mass is estimated at about Y7% alloy occupying only 10 to 60 percent of the
buik volume. The green sheet is a loose assembly of thermally conductive particles which
are partly coated by a mnceh less conductive binder. \While signiticant voids are present
throughout the structure. a region of binder has very low effusivity and ditfusivity and can
be approximated as a void.

Several approaches have been taken to describe the etfective transport properties
of various compuosites. These include electrical conductivity. thermal conductivity. electri-
cal permittivity. and magnetic permeability. The generic situation address at least one
“transport species” embedded within a medium with reduced transport capability. For

the purpose of discussion the term conductivity will be used to describe the generic phys-
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ical transport. Diffusive models assume some uniform distribution of a conductive species
throughout the matrix. while percolation models focus on the preferred paths of transport
within the composite. Both types of models provide for shape factors to describe the con-
ductive species (e.g. particles. fibers. flakes. etc.) embedded in a less conductive matrix.
An important feature of the percolation models is a volume fraction dependent transport
property. This feature provides for the sharp transition in bulk composite properties typi-
cally observed above some threshold concentration. This phenomena is associated with the
development of transport paths created between conductive elements.

Varions theoretical models 501 511 52] 53] have been developed to describe
the anisotropic electrical condnetivity for matrix compuosites involving different tiber con-
stituents. These models include the component properties. orientation. shape. and concen-
tration.  Louis et al. 5] simulated the electrical conductivity in a polymer matrix filled
with carbon spheres. This model provided for the percolation threshold by accounting tor
the transition which ocenrs as the voliune fraction approaches the maxinnun spherical pack-
ing density, Jagota et al.; 55 has proposed a thermal transport model that assumes some
nominal contact area between clusely packed spheres in a non-conducting medium.  Maiti
561 investigated the thermal characteristics of a polypropylene matrix tilled with silver
powder. s anticipated. the thermal conductivity of the compuosite increased with silver
concentration. However. this enhancement was non-linear. A semi-empirical relationship
was 11sed to mudel the data.

Scattering theury has also been used to describe fields within composites {20].

The independent scattering approximation for spherical scatterers is valid for low loadings.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



124

tvpically below about a 30% volume fraction. Beyvond this concentration the independent
scattering assumption is no longer valid and multiple scattering effects must be included.
[t is clear trom studying the microstructure and the 10 to 60 percent volume loading with
non-spherical alloy particles. that this physical model is not valid for the green sheet. Mec-
Cullough (57} has developed a general diffusion model which reduces to both the Rayleigh
and Maxwell mixture formulas for the dependence of electrical properties un the volume frac-
tion of non-contacting spherical particles in a filler matrix. The Rayleigh formula describes
the dielectric constants derived for a cubical array of spheres and the Maxwell relationship
deseribes the specitic conductivity of a suspension ol spheres in an insulating medinm.
The tirst step in modeling the thermal behavior of the green sheet was to determine
where. in the spectrum of volume fraction behavior. the typical compact resided.  The
reference compaction samples and samples of the iron aluminide product at different stages
of prodnetion allowed the percolation behavior to be characterized. Figure 1-26 illustrates
the dependence of thermal diffusivity on the microstnicture of the iron aluminide product.
I'he curve represents a best tit to the data. In the green state. for buth pressure and
binder content variations. the diffusivity is relatively low (on the order of 0.0(: %) After
sintering and densification of the sheet to a 0.0127 thickness a signiticant rise in diffusivity
takes place. Further densification is asvmptotic to that of the fully dense alloy. 0.029 —Z":'
Twvpical percolation curves describe the spectrum of behavior for a particular morphology
(e.g. particles in a matrix) and exhibit a symmetrical transition through the percolation
threshold. The skewed form of the curve in figure 4-26 is related to the transition from

individual particles to a sintered network.
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The green sheet will be modeled using a combination of the general diffusion model
presented by McCullough [57} and the heat conduction model for the front flash excitation.
The assumptions are that the particles are randomly oriented and that the volume fraction
is below the percolation threshold. This is clearly the case as illustrated by the green sheet

data illustrated in tignre 1-26. The etfective bulk diffusivity can be expressed as

-x,ff:(h:/p(,',-)‘.ff {110}

Where w is the effective thermal conductivity, p is the bulk density. and . is the bulk

~pecitic heat. From McCullough (57] we can express the effective diffusivity as

3 . 172« (1 = h(a))
T T T h(a)) + Rla) (L= V)

(-L11)

Where U7 is the volime fraction of metal. A(a) is a lanction which describes the shape of
the particles. and oy, = 0.029 em® sec is the bulk diffusivity of the alloy. Likewise we can

describe an etfective bulk ethisivity as
— (ol 11
f,]{—(\,(lp(p)eff (L.l_)
[t is assumed that (pC'.) , can be taken as a weighted average of the relative vohunes of

the binder and the alluy. Thus we have

toff = /Oapr (1 = V) + mV| (1.13)
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Where in = (pCh)metar and b = (pCy ) pinger. and V' is the volume fraction of metal. Recall
(see chapter 2) that the solution for the front surface cooling curve of the sheet can be

expressed as

. 2Q 7
i) = - _ t -Vt — (L1t
(t) —"-»:/f\/“')[ (v r) (L.11)
~2V ‘ (HMF(t) -2/t — rZ(l)“F(t - )
n=1 n=1

With sheet thickness L. radiant energy per nnit area absorbed by the surface Q. pulse

duration 7. and £(1) detined by:

272 202 272

. —n<l nél ncL
f(t) = exp -7 Erfel
appt N gt g

) ( L15)

Fhe combination of equations L1 L3, and L 14 vields the ureen sheet cooling curve as
an explicit fanction of the energy absorbed by the sheet. constituent properties. the volume

fraction of allov. the sheet thickness. and the particle aspect ratio:
It (") ('L)( . )rnsrq[- ([)('-- )hmd»*r- “. L.1 (l) (L1b)

The particle shape is modeled as an ellipsoid of major and minor axes / and o with and

aspect rativ given by @ = 5. For ellipsvidal particles h(a) is described by

hla) =770\ 75 = —==) =arctan{—===) = I} for 0 <a <1
L Tt | T
ha) =3 for @ = 1
— L i 1 vt .
hla) = Z#=0l -5y &7 — — ) In[+=—=—]] for 1 <a<oo
) yET o oy Eat

Figure 4-27 illustrates h(a) over a range of aspect ratios. For a < | the particles

are platelets. For @ >> 1. the particles become fibers and the shape factor approaches
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unity. Figure 1-28 illustrates the results tfrom equation 4.11 using particle aspect ratios of

L. 2. and 3, with am, = 0.029 22

. An aspect ratio of {/d = 2 provides the best fit to the
diffusivity data. This mean aspect ratio is reasonable considering the microscopic particle
morphology (see figure -29) .

Using an aspect ratio of 2. the explicit form of -1.16 provides a basis for exploring
the sensitivity of the model to the parameters of interest. Figure 1-30 compares the models
prediction with the cooling curve data (see section on reference samples) for the nominal
compaction reference sample (2.8 wt. 7% binder at 13.8 tons compaction. measured a =
0.00:333 —%) Figure 1-31 provides the same illustration for the nominal green sheet material
compacted at a much lower level (9.7 tons. a = 0.0024 :—:L'-) The model shows very good
agreement with the data.

Figure £32 illustrates the thermal decay as a function of green sheet thickness
with a nominal material composition. The nominal thickness is 0.066 ¢m. This curve
provides an excellent description of the time and thickness regimes over which the compact is
“thermally thick™ and “thermally thin”. Note that tor very small thicknesses the decav curve
deviates from the decayv for thick samples at a very early time. For the nominal green sheet
compuosition the material response is that of a half-space up to about 300 ms (i.e. thermally
thick). Figure -1-33 combines the variation in diffusivity with the established dependance
on composition and compactions force. The result is a family of couling curves. As has
been described. the inspection of a green sheet specimen yields different rates depending on
the local volume fraction of alloy. It is these local differences that provide contrast in the

thermal images. The results of the model allows for the quantitative investigation of the
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Figure 4-28: Particle composite model for three values of aspect ratio. For the volume fraction of alloy below the

percolation threshold, V<Vc, the experimental data is consistent with an aspect ratio of 2.
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Figure 4-30: Thermal decay curve comparing model with data from reference specimen. The specimen
fabricated with a binder loading of 2.8 % by weight and a compaction of 13 8 tons. The effective bulk
diffusivity was 0.0033 cm?/sec.
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Figure 4-31: Thermal decay curve comparing model with data from reference specimen. The spectmen was
fabricated with a binder loading of 2.8 % by weight and a compaction of © 7 tons. The effective bulk
diffusivity was 0.0024 cm?/sec

f401



‘uoissiuuad noyum panqiyoud uononpoudas Jayung “1aumo ybukdoo ay Jo uoissiwad yim paonpoiday

—_ <
» S
E

: O
= S

0.8

<
v

0.04

Thickness (cm)
0.08 0.12

02 00

Nominal
thickness
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lines indicate isotherms.
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thermal response. [t is particularly important to have this capability when assessing the
need to modify the inspection protocol. For instance. changes in the specifications for the
material composition. thickness. or production rate can impact the resulting temperature
transients. These changes may require modifications in the inspection protocol such as
sampling rate. sampling duration. and span of calibration. Having a valid model minimizes

the time required to optimize the inspection method.
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Chapter 5

Results of Process Study

5.1 Introduction

Preliminary resuits from the thermal behavior of production ~amples. reference
~ampies. and 2reen -heet microstructure allowed for a direct association between the local
cobime raction ol FeAl and the thermal response obtained during tlash inspection. This
Jdata detnonstrated ne viability of the technique and provided a justitication tor the ded-
wation of prodnction resources to condict a process study.  The objective of this study
was to identifv green ~heet precursors to tlaws in the tinal FeAl sheet as indicated by the
heterogeneity ol the heat transfer in production green sheet.

Figure 5-1 provides a convention for the sheet coordinate =vstem. Final sheet
material can be rejected tor several reasons: cracks. thickness. porosity. tHlatness. wedge.
and camber. \Wedge is an unacceptable increase or decrease in thickness iransverse to the
length of the sheet. Camber results from rolling material which has u wedge. Figure 5-2

illustrates a sheet with excessive camber. Porous regions in the densified sheet arise from

137
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sreen sheet regions with low FeAl volume fraction. [f large enough. on the order of millime-
ters. porous areas can be seen with the unaided eve. Regions smaller than this can cause
problems. and are typically detected by sampling the production material and inspecting
cross sections of the microstrcture. C'rack detection was based on visual inspection. Typi-
cal thresholds for crack detection. via uperator inspection. is about one millimeter in length.
Prior to final forming. the material variation from Hat can be significant. ~Waviness™ results
{rom the same mechanism that canses camber. [f the asymmetry in alloy volume {raction
varies over short distances. the camber reverses from one side to the other over the length
of the sheet. This results in stresses that induce strains out of the sheet plane. A roller
is nsed Lo tlatten the sheet but this Is done at the cost of inducing nndesirable levels of

residiial stress within the sheet.

o
o

Methodology

A tvpical mantfacturing mn will involve the processing of 150 ureen sheet sections
with an average lenuth o approximately %6 em (34 in.) and a width of 10 cm o} in.g.
['he manufacturer provided 10 sheets trom a single production rin. The normal vield for
the process is abont 50%. This 15% sampling was adequate to assure that a significant
munber of Haws would be obtained. The sheets were numbered according to the order of
compaction. Each sheet was marked with the sample code and machine direction. This
indicator also provided a reference tor the top and bottom of the sample. The steps in the

process study are as follows:

l. Compaction
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2. Collection of thermal data

3. De-binder green sheet

4. Collect thermal data

5. Roll down to 0.25 mm (0.010 in) and inspect for defects

6. Inspect suspect defective 0.25 mm (0.010 in) sheet using digital x-ray imag-

ing

7. Roll down to 0.20 mm (0.008 in)

Cuonsiderable etfort was made to minimize deviations from the normal practices
and procedures associated with processing. Production personnel were requested to tollow
all normal inspection and quality control procedures. However. the timing of some steps
were vbvionsly impacted. For instance the normal time from compaction to de-bindering is
about one day. The time lag for this thermally inspected green sheet was about two weeks
becanse of the geographic separation of the manufacturing and laboratory facilities. Such
details did not appear to have an impact on the quality of the material. Attempting to
densify the sheet by cold rolling in only a few passes results in severe work hardening and
cracking of the material. To minimize this problem densification is achieved by passing the
de-bindered sheet through successively narrower roller clearances. [t takes approximately -10
roll passes to achieve the 0.25 mm (0.010") thickness. The dimensional change transverse
to the machine dimension is minimal (<10%). However. the elongation in the machine
direction is typically 50%. Production workers visually inspect the material after each pass.

If the flaw can be removed. leaving acceptable material. it is trimmed off using a standard
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sheet-metal shear. Trimming on all four edges was common. If the flaw was too large or if
trimming resulted in a piece too small for further processing, the part was discarded.
Tracking the morphology of the green sheet material through the process presented
an interesting problem. While the material dimensional changes were minor in going from
the green sheet (0.69 mm or 0.027" thick) to the de-bindered sheet (0.66 mumn or (0.0267). the
changes from the de-bindered sheet to the partially densified 0.25 mm (0.010™) sheet were
significant. In order to track the green sheet flaw evohition thronghont the process it was
necessary to devise a means of determining a coordinate transformation trom rhe original
2reen sheet to an arbitrary intermediate product. This was accomplished in the following
manner. A\ coordinate system was established on the green sheet. The origin was lucated
at the head of the arcow marking the machine direction on the part. Fach location on the
green sheet was detined by its longitudinal and transverse coordinates. Figure 53 illustrates
this reference system. Betore trimming a part several data were recorded. The description
and dimensions of the tlaw(s) to be removed were noted. [n addition. the location and
dimensions of the trimmed sections were recorded along with the munber of the rolling pass
at which the part was trimmed. This data was nsed tu determine the original location of

the tlaw in the green sheet reference frame.
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5.3 Results

5.3.1 Yield

Table 51 is a summary chart from the process study. Before discussing the results
a few comments are in order. Note that an alpha-numeric code is nsed. There are 2
processed sheets (A and B) associated with each numbered green sheet. This results from
a step in which each sheet, after sintering, was bisected transverse to the machine direction
resulting in two lengths. The result was 20 sintered sheets (e.z. 12\, 123,51\ 54B) which
were rediced to 0.25 mm (0.0107) by rolling. Also note that sample 2313 is not listed. [t
was pitlled from the process. after the sintering operation. to provide o comparison among
the thermal. production x-ray. and digital x-ray inspection techniques. This data will be
discussed later.

Operators used no optical aids during part inspection. A\ tutal of 12 cracks were
docimented: 27 of these ocenrred in one sample (21B). The vast majority of visible cracks
ocenrred in the process of rolling the sheets down to 0.25 mm (0.0107). [dentified cracks
ranged from a few millimeters to 20 mm with a mean crack length of 12 mm. All extended
through the thickness of the material and most cracks occurred on the jong edge of part.
Cracking was predominantly transverse with one end open at the edge ot the sheet. Only
a few appeared in the interior of the sheet. The impact ot a crack on the dispusition of
the work piece depended vn several factors. The minimum length for the final stamping
operation is 60 cm. Parts shorter than this were discarded. If a crack vccurred at the edge
of a part it could be easily trimmed without much loss in length. The initial sheet width

was large enough that two or three trim cuts could be made. parallel to the length. before
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Sample Absolute Process Yield | Disposition Absolute Stamped
Code Total Number Process Yield | Length @0.008" | Stamped Process Yield Yield%
Transverse Cracks | Length @0.008" (%) Yes/No Stamped @0.008"
(mm) (mm)

12A | Damaged from roller nip 492 69 No 0 0
128 0 609 86 Yes 609 86
14A 3 0 0 No 0 0
148 1 470 66 No 0 0
21A 2 0 0 No 0 0
21B 27 0 0 No 0 0
23A 4 0 0 No 0 0
32A 0 635 89 Yes 635 89
328 0 711 100 Yes 711 100
34A 1 688 97 Yes 688 97
34B 0 692 97 Yes 692 97
41A 2 0 0 No 0 0
41B 1 0 0 No 0 0
42A 1 427 60 No 0 0
42B 0 417 59 No 0 0
52A 0 659 93 Yes 659 93
52B 0 656 92 Yes 656 92
54A 0 673 95 Yes 673 95
54B 0 666 94 Yes 666 94

Totals 42 7795 55 5989 42

Table 5-1: Summary of process yield for flaw precursor study. The mass yield was typical for the production
capability, 55%. Final sheets less than 60 cm fell below the minimum stamping criteria and did not contribute to
the useable yield which was 42%.

¢TIl



116

the piece became too narrow for stamping. However. if a crack occurred in the center of
the piece. requiring the part to be cut into two smaller lengths or if repeated end cuts were
made. then the piece may not have been stamped. As can be seen from the chart. poor
quality green sheets with process vields less than about 85% resulted in 0.20 mm (0.008™)
thick sheets below the minimum stamp length (60 cm). While the vield of 0.20 mm (0.008")
material based on mass vield was 55%. the vield based on material suitable for stamping

was only 2%,

5.3.2 Heterogeneity

Green sheet heterogeneity manifested itself in several forms throughout processing.
Operators often anticipated cracks based on subtle surface. and. or sheet shape changes
during rolling, Even after the tirst or second rolling pass. towards 0.25 mm (0.0107). the
sintered material takes on a smooth specular appearance. Prior to actual crack formation
the surface may exhibit o dulled tinish in regions where cracks torm. A\ high degree of camber
and. or. waviness in the ~heet may also precede cracking. These observations supported the
contention that regions with low volume fractions of FeAl powder resulted in porosity.
malformed sheet. and in the extreme case. cracks.

Based «n the above ubservations and the experimental results on the etfect of allov
volume fraction on material thermal response. a simple statistical approach to predicting
the risk of crack formation was developed. A statistical description of image contrast is the
standard deviation ol the pixel grey levels. The effective physical pixel size was about 0.5
mm. This is an order of magnitude larger than the nominal FeAl particle size (0.06 mun)

and several times larger than the largest observed FeAl depleted regions. Thus this statistic
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was a good indication of the level of mixing in the green sheet. A\ green sheet with a fully
dispersed binder would exhibit a single grey level intensity, 5 (i.e. an standard deviation
of 0). Thermal images were normalized to the image mean in order to compensate for
variations in camera drift and timing of the flash (i.e. ¢ = 0 reference). The coefficient of
variance. which is the standard deviation normalizes by the mean. was used to describe the
heterogeneity since it eliminates variations in the excitation flux and sampling time. The

coetficient of variance is detined as
('O"':y—'li— {5.1)

\Where & represents the pixel gray level from the raw thermal image just after the pulse.
Since each specimen in the series was imaged at several 47 tields of view. the total number
of data points for each sample was approximately 125.000.

Figure 51 illustrates that this COV is indeed a very strong predictor of which
samples would develop cracks. The solid circles represent the specimens which exhibited
cracks detected by the operator. The curve. which is a best tit to the data for cracks
identified via visual inspection. is relatively tlat and then turns sharply upward in the
vicinity of a COV ot 1.15 to 1.35. At first the significance of the data represented by the
open triangles was not clear. These samples were not reported to have had a high number of
cracks and thus fell far below the curve. Upon investigation it was found that the operators
had discarded these samples during the 0.25 mm (0.0107) rolling process. While not having
a high number of cracks they did exhibite signs of porosity. [nspection of these samples
revealed the presence of micro-cracks which could only be seen under magnification. Figure

3-5 illustrates such a microstructure. Further rolling of the specimens would have resulted
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Figure 5-4: Green sheet heterogeneity as a predictor of crack formation during densification. The curve represents
a best fit the cracks detected during processing.
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igure 5-5. Multiple fine cracks in FeAl sheet result from heterogeneity in green sheet.

Multiple Fine
Cracks
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in extensive cracking. Thus the fact that the triangular points lie below the curve in figure
5-4. is indicative of the ability of the thermal inspection technique to predict Hlaws below

the threshold of the visnal crack detection practice.

5.3.3 Characterization of production green sheet morphology

While the approach of using the coefficient of variance statistic is nseful. it pro-
vides no information on the location. size. nor formation mechanisms associated with green
sheet defects. Review of the thermal data revealed several morphological features which
provided further insight into the process. These features varied in their frequency and
prononncement.

The compaction mill is not particularly sophisticated and it 15 instrictive to re-
view the process in more detail before describing the morpholugical features encountered
thronghout the process. The operator loads the hopper by hand and provides a fresh charge
prior to the depletion of the previous charge. The mill has two rollers. one with a fixed
axis and one with an adjustable axis. The gap and alignment of the two compaction rollers
is varied by manually adjusting the position of two large nuts along threaded rods. This
changes the clearance between. and/ur relative angle of. the adjustable roller with respect
1o the tixed roller. The operation is analogous to adjusting the alignment and chain tension
for the rear wheel uf a bicvele. The level of material in the hopper. roller alignment. and
clearance significantly impact the quality of the green sheet. [t is the uperator’s “sense” of
these parameter’s that is the essence of the green sheet compaction art. Quantitative data
for the state of these process variables are not recorded. Thus. a direct correlation between

the process “state” and the green sheet morphology could not be obtained.
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The qualitative nature of the morphology will be described first. At early times.
after the end of the excitation pulse. the effusivity can be described by the decay in tem-

perature by equation 3.2.

Q

ATVt

/

= Vp(",,h; = (—)'..).)

Where p is the bulk density. (. is the specific heat. x is the thermal conductivity. (@ is
the energy absorbed by the surtace. ¢ is the time referenced from the end of the pulse. and
T is the change in the temperature as measured from the peak. The thermal impedance.

Z = l.e.is given by

ATVt .
l = ——— {.3)
Q

Thus for carly times the thermal impedance. indicative of a region of green sheet below
a point on the surface. is proportional to the decay in temperature at the surface. The
convention for image presentation will be to assign high thermal impedance (lower etfusivity)
to brighter grey levels and a darker grey levels to low thermal impedance (higher effusivity).
I'hus regions of relatively high FeAl volume fraction show up as darker areas and regions of
low FeAl volume fraction (high binder and/or. void vohime fraction) are imaged as lighter
areas.

Figure 5-6 illustrates a result from the preliminary thermography study. Both
sides ot the green sheet were imaged using same side excitation. The uppuosite sides exhibit
the dominant features as “reflections™ about the line separating the two images. These

morphological features persist through the thickness of the sheet. The two dimensional
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Front Side Back Side

Figure 5-6. Thermal images illustrating the extension of morphological features through the thickness of the green
sheet. These features are reflected about the center line between the two images.
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nature of the sheet was found to hold for other samples. Figure 5-7 illustrates an example.
The image has been reflected about the horizontal so that features which exist throughout
the volume occupy the same locations in the front side and back side images. Note that
the arrow head drawn on the front side to indicate the machine direction is visible in
the image. Two common morphological feature involved spatial variations of FeAl volume
fraction transverse to the sheet. The first was a high alloy volume fraction edge associated
with compact densitication.  Materials compacted with optimum roller alignment exhibit
edges which were slishtly denser than the center regions of the sheet. This is believed
to be associated with the tlexing or bowing of the rollers. Figure 3-~ illustrates such a
sample. If the compaction roller axes were not in good alignment then one edge of the
compact was “pinched”™ by the roflers. This feature can be seen in tignre 5-9. The bottom
edge was severely densitied in comparison with the oppusite edge. Based on the pressure
etfects obtained with the compaction reference samples and the ubservation that binder
alloy segregation does not ocenr along the edge of the roll compacted material. it appears
that the increase in pressiure at the bottom edge is two to three times that experienced by
the of the bulk of the sheet. During densitication of the sintered sheet down to 0.25 mm
(0.0107) the dense edge experienced greater elongation. The result was a signiticant sheet
camber. \ higher frequiency variation. similar to that observed for roller misalignment. was
also vbserved. Figure 5-10 shows a high contrast thermal image illustrating this transverse
variation. The period of the secondary feature is seen to be about vne-fourth the width of
the roller. This mudulated concentration of alloy volume fraction is believed to be associated

with non-uniform powder tlow from the hopper.
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Figure 5-7. Thermal images illustrating the extension of morphological features through the thickness of the green

sheet. The specimen is sheet 14 at position 0.
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Figure 5-8: Normal edge symmetry. The specimen is sheet 41 at position 30.
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Figure 5-9: Asymmetry of green sheet edge due to roller misalignment. The specimen is sheet 23 at position 30.
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Figure 5-10: Transverse variation in FeAl volume fraction. The specimen is sheet 23 at position 30.
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Another feature often observed was caused by the unstable flow and powder seg-
regation associated with the end of one blend charge and the start of the next. Vibration
during dispensing of the blend results in segregation with the heavier alloy preceding the
lighter binder. On average this separation is minor, however the integrated effect at the
end of the charge is noticeable. The last fraction of hopper material. 10% or so. is puorly
mixed. Figure 3-11 illustrates how the contrast in binder and alloy rich regions highlight
the differential flow of the blend from the hopper into the roller nip. A significant change
in the morphology was often associated with the addition of the next charge. The left end
of the image in tigure 511 represents the normal compaction situation with the blend tlow
al some steady state. The right side of the image illustrates the unstable tlow associated
with blend separation and the addition of the next hopper charge. Figure 5-12 provides a
magnified view of the unstable region at two different contrast levels,

The processing and handling of material with high gradients in allov volume {rac-
tion created particular problems. The section of green sheet. described above. sutfered
damage during shipment from the laboratory back to the manufacturer. Figure 5-13 shows
the original green part () adjacent to the same section of de-bindered material (B). The
most striking features are a large transverse crack and material along the opposite edge
which has dropped out or chipped away. Both of these features are associated with regions
of high gradients of alloy volume fraction. Recall that the measured strength of a compact
passed through a minimum and then began to increase with a decrease in alloy volume
fraction. Gradients such as those seen here contain boundaries of “minimum strength”

composition. [t is these contours. particularly along edges, which are subject to damage.
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Low Contrast

Morphology resulting from unstable blend flow. The specimen is sheet 23 at position 50.

gure 5-12

High Contrast
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Low Volume Fraction FeAl Crack and Edge Chip

A - Green Sheet B - Sintered Sheet

Figure 5-13; Crack in sintered green sheet resulting from low volume fraction of FeAl during compaction of the
green sheet. The specimen is sheet 23 at position 50.

191



162

Another important outcome of comparing the green and de-bindered material is that the
overall morphology is the same. This proved the capability to predict features one step
into the process. It should be pointed out that the thermal impedance of the de-bindered
material is several times lower than that of the green sheet. This is consistent with the
green sheet microstnicture previously described.

A third spatial frequency was believed to be associated with the drive train of
the roller mill. Unlike the tirst two transverse variations previously described this mode
was indicated by an alloy volume fraction modulated in the longitudinal direction. This
variation is visible in tignre 5-14 The spatial {requency was found to be abont 3.3 c¢m (1.37)
and the temporal freguency was abonut 0.13 Hz. Figure 5-15 shows a plot of the intensity
protile along the at the transverse position indicated in tigure 5-14. [t was recommended
that the manufacturer investigate the vibrational modes and mechanical specifications to
identify likely causes.

[t has been noted that a majority of the crack failures ocenrred dnring the densi-
tication to 0.25 mm (0.0107) material. Failed samples were inspected with a digital x-ray
imaging system provided by NASA. This instrumentation provided a tull tield map of x-ray
extinction through the 0.25 mm (0.0107) thick FeAl sheet. This data contirmed two facts.
First. the morphology of densitied alloy sheet is a directly related to the morphology of the
oreen sheet. That is. regions of low FeAl volume fraction in the green sheet can be spatially
correlated with regions of high porosity in the densified sheet. Secondly. these porous tlaws
give rise to transverse cracking. Figure 3-16 is an x-ray image depicting transverse line

scans which were obtained for both the x-ray extinction and thermal effusivity. Figure 3-17
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Figure 5-14: Characteristic longitudinal variation of FeAl volume fraction. The modulation is believed to be caused
by characteristic mechanical modes associated with the mill. The specimen is sheet 21 at position 10.
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Figure 5-15: Longitudinal line scan illustrating the longitudinal modulation of FeAl volume fraction. The scan
represents the intensity values along the line shown in figure 5-14.
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Figure 5-16: Digital x-ray image of sample 23B.
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compares the two signals (averaged over five transverse positions).

As an example figure 5-18 compares data for specimen 1. The regions of high
green sheet thermal impedance are correlated with areas of low x-ray extinction. Both
images indicate alloy poor regions as light grey levels. The machine direction is to the left.
In the reference frame uf the page the roller direction is to the right. The location of the
crack precursor and the crack formation mechanism is clear. The region of green sheet
resulting in high porosity sintered sheet is rolled from left to right. s the distributed void
volume is displaced to the right it is concentrated to the point where a crack oceurs. This
crack casily identitied by the production inspector and the surrounding porosity is clearly
shown in the x-rav image. Another example of this phenomenon was a band of low density
green material which extended most of the bottom length of a sheet. tigure 519 shows
two sections. The band began about 12 em from the machine end and extended over 65
cm along the bottom quarter of the sheet. The sample survived roll densification down
to 0.25 mm (0.0107) vet numerous visible cracks appeared in the last few. of the 0. roll
passes. Digital <-rav imaging (tigure 3-20) reveals the extensive cracking associated with
this morphology. This precursor was particularly prone to crack development because of
the high transverse gradients existing between the band and the lower dense edge. During
rolling this band acted as a stress relief zone. The band actually buckled ont of the plan
of the sheet. The significant shear stress. created by the differential strain of the high and
low density regions. became concentrated in the crack tips. In this case the dense regions

above and below the band act to arrest crack propagation.
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Crack Precursor Crack Location

Roller
Direction

Green Sheet 0.010” Sheet
Thermal Image X-ray Image

Figure 5-18: Location of low FeAl volume fraction in the green sheet predicts the location of cracks resulting
from rolling down to 0.25 mm (0.010”). The specimen is sheet 41 at position 0.
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Figure 5-19: Longitudinal band of low alloy volume fraction in this green sheet resulted in severe
cracking during rolling down to 0.25 mm (0.010™).
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ing

During Green Sheet Compaction

Cracks Resulting From Low FeAl Load

Figure 5-20: Severe cracking in the 0.010” sheet associated with low alloy volume in the green state.
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5.3.4 Development of green sheet conformance criteria

The section above describes qualitative characterizations of green sheet hetero-
seneity. The results contirm that the heterogeneity. as measured by the relative etfusivity
of the sheet. is indicative of FeAl sheet morphology throughout the process. The most
significant flaw precursors. those responsible for crack formation. can be predicted based on
sreent sheet morphology. The identification of prominent spatial patterns provides insight
into tlaw formation while the statistics of the thermal impedance map are nseful in assessing
the risk of crack formation. In this section a ¢uantitative conformance criteria is presented
which takes into acconnt the natnral variations in the mamifacturing process. the severity,
and the location, of the FeAl volume fraction deficiencies. The approach nses the population
of reliable wreen sheet. that is the green sheet which survived processing into the 0.20 mimn
(0.008") thick alloy product. as the reference or “golden standard™. This population will
be referred to as conforming ereen sheet. Material which fell outside a contidence interval.
was identitied as non-conforming and untit for further processing. This conformance criteria
was tested by using it to assess green sheets with known defects.

It has been shown that regions of green sheet with low alloy volume fraction are
associated with cracking. sheet deformation. and are indicated by relatively low etfusivity.
The conformance criteria was developed to reflect this. The earlier convention of assigning a
bright grey scale image value to a low etfusivity is maintained. All etfusivity values are nor-
malized to the mean etfusivity of the conforming population which consists of approximately
2 <10° puints. The relative etfusivity data is presented in a format similar to that for the

existing green sheet x-ray inspection unit. This format is intuitively familiar to production
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personnel. For clarity the criteria is presented in the context of a single specimen followed
by a description of the statistical conformance criteria. Figure 3-21 is a relative effusivity
map of a non-conforming green sheet specimen. The vertical lines represent different pixel
columns within the image. These columns are the basis for the quality assessment. The
population of conforming material provided 7.800 profiles while 1.500 profiles were available
from the population of non-conforming material. Figure 3-22 depicts two curves derived
from the image in figure 5-21.The thin line represents the average effusivity protile. along
all columns. while the heavy line represents the profile along the dotted line of figure 5-21.
The details of the profile features will be discussed later.

Figures 5-23 and 321 provide a comparison between the statistics of the cun-
forming and failed green sheet. These curves represent the mean with a three standard
deviation confidence interval (= 3 SD). The confidence interval is a4 parameter thal can
be varied based un the capability of the process. It was noted that the majority of the
material was fabricated with measurable wedge due to roller miss-alicnment. This is not
surprising since this control setting is not typically changed during the course of a partic-
nlar production run. The asvmmetry of a given profile can be used as a good indicator of
roller alignment. [t was reasoned that wedge in the opposite direction would not change the
quality of the material. [n other words. symmetry in the wedge feature should be allowed
in the conformance criteria. Thus the worst case end was reflected about the center of the
“average conforming part” to provide the symmetry in figure 3-23. A comparison of the
mean curves shows that the center region of the conforming sheet is much tnore uniform

than that for the failed sheet. In addition. the standard deviation of the data is greater
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Figure 5-21: At early times variations in the thermal map is indicative of the relative effusivity across the

green sheet.
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Figure 5-22: Transverse relative effusivity profiles associated with Sheet 41. The upper line is the average for the
sheet. The lower line represents a line scan across regions which cracked during densification.
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Figure 5-23: Transverse relative effusivity representing the population of green sheet which survived
densification to provide acceptable alloy sheet. This profile is the basis for the conformance criteria.

€Ll



"uoissiwsad Inoyum pauqiyosd uononpoidas Joypun “soumo WBuAdoo 8y} Jo uoissiwiad yym paonpoiday

-— Average —+3 avg SD - -3 avg SD

\/ \\“\\, // \‘T‘

2 N — et
§ ! /r\\"ﬂ” T /.r"‘M\
LN e N
£ - -

3 \w,

] S5 105 155 205

Transverse Position

Figure 5-24: Transverse relative effusivity representing the population of green sheet which failed during the attempt
process the green sheet. Note the increased variation from the profile in figure 5-23.
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tfor the lower quality material. These results are consistent with the image coefficient of
variance statistic which predicted an increased probability of cracking with poor mixing.
Both of these statistical results are important because they demonstrate that the random
variations associated with the inspection (e.g. timing of the excitation and camera drift)
are small compared to the important variations in the material.

Figure 5-25 illustrates the data for the tlawed region. otfset below zero for clarity.
displayed with the conformance band. Two features are significant. Lirst. both the mean
data and the data for the tlawed region are well outside the conformance tolerance. Second.
the two regions with low FeAl loading show np as distinet deviations from the sample mean
curve. These regions are labeled as flaws. The top tlaw resulted in a crack wpon rolling
down to 0.25 mm (0.0107) and the sheet was removed from the process. [t is very likely that
firther processing would have resulted in a defect adjacent to the crack. The location of the
tlaw precursor is determined trom the zero crossing of the effusivity derivative (see figure
3-26). A measure of the width of the Haw can be determined from the distance between the
maximum and minimnm of the derivative curve.

The conformance criteria described by figure 5-2:3 was applied to all uf the samples
used in the process study. Figure 527 is an example of green sheet which contained defect
precursors. The red line indicates the acceptance band. The blue line represent the relative
etfusivity along the region of the sheet where the material failed. figure 5-28 is an example
of green sheet which vielded acceptable material. The blue line represent the average over
the sample. This method correctly categorized all of the 20 sheets as to their tinal disposition

(i.e. pass or fail) during processing. Samples 14A. 21-A&B. 23A.
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Figure 5-25: A comparison of the relative effusivity profiles for sheet 41 and the conformance standard predicted
that the material would fail during post compaction processing.
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Figure 5-26: The zero crossing of the spatial derivative of the relative effusivity profile locates the green sheet
flaw.
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Figure 5-27: Relative effusivity profile showing that green sheet defect precursors fall outside the
conformance band.
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Figure 5-28: Relative effusivity profile for “good” green sheet. This sample provided acceptable fully dense alloy
sheet upon processing.
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and -1-A&B failed during processing while samples 12-A&B. 32-A&B. 3 L-A&B. 12-A&B.
52-A&B. 54-A&B survived to provide acceptable FeAl sheet. Determination of the meth-
ods statistical capability will require improvement in the reference samples and primary
methods for flaw identification within manutacturing. The conclusion is that the developed
criteria is as effective as the current manufacturing methods used to detect tlaws in partially
processed FeAl material. However. the advantage is that the thermal method predicts these
defects by identifving their precursors in the green state. [t is anticipated that as process
development continues two factors will require the confidence interval to be tightened. First.
as the manufacturing capability is improved the catastrophic tlaws will be less frequent. [n
addition. less obvious and severe defects which have some vet iindetermined distribution in
the currently acceptable prodinct would become of interest to detect. [t is anticipated that
the detection of such defects would improve machinability and coruponent reliability. At
sote point in the process refinement a significant fraction of the prodnction material will
fall within the = 380D band. [urther ntility of the method woudd require the confidence

interval to be reduced appropriately.
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Chapter 6

Conclusions

['his researchi provides for a quantitative. non-contact. real-time method of in-
-pecting [0 o the powder metal composite green sheet produced by an existing indus-
:rial process. The powder metallurgy process of interest involved the production of thin.
approximately 200 qm thick. metal iron aluminide alloy sheet. The starting green sheet
composite. approximately 700 an thick. is tormed by roll compacting @ mixuure of powder
alov, binding agent and ~oivent. The production rate i1s abont 300 cm* min. TChe wreen
~heet then underzoes a ~eries of process steps (binder elimination. Jdensification. sintering.
annealing) to torm the tinal FeAl sheet product. The intermediate products have a thickness
from 300 um to 200 i thick and densities as low as 60% of the theoretical density (about
6.l 2, cc tor the tuily dense material).

The guiding principle has been to minimize the impact of defects by identifving
the most significant tlaws as early in the process as possible. Process factors associated

with the severity and morphology of the composite heterogeneitv were identified. The rela-
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tive mass distribution of iron aluminide particles was influenced by both local compaction
pressure and mixing of the alloy/binder material. The high viscosity of the compact and
the characteristically low malleability of the iron aluminide particles inhibit modification
of the mass distribution once the green sheet is formed. Process variables such as mixture
feed rate. roller speed. pressure and alignment are candidates for statistical process control
(SPC') using feedback from the inspection system. Early detection provides the opportunity
to correct for defects downstream in the process. Alternatively. if the tlaw cannot be re-
paired. the defective part can be svstematically removed from the process before disrupting
product tlow or investing process resources in a bad part. This provides the opportunity
for recycling the green sheet.

Several challenges were presented by this project. The crirrent inspection is a con-
bination of visual inspection by an operator and a scanning x-ray unit. This instrument
samples the transmission of the material at some predetermined number of areas. The
aperture has a sampling area of about 160 mm?. The maximum on-line sampling rate was
approximately 50% of the manufactured material. While this approach is capable uf detect-
ing gross defects it does not have the capability to detect green sheet precursors resulting
in down stream defects. The physical characteristics of the green sheet required special
consideration in development of an improved NDE technique. A non-contact technique
was demanded since the material has minimal mechanical integrity. The green sheet has
a very high electrical impedance and is non-magnetic. thus conventional electromagnetic
techniques (eddy current. magnetic flux leakage etc.) were not viable. Thermal techniques

have traditivnally been used for material thicknesses several times greater than those of
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interest here. At the start of this work. very little information was available on the thermal
properties. defects properties. nor defect geometries associated with the composite. The
composite material had not been characterized in terms of particle/binder distributions
and the constituent thermal properties. Visnal/optical inspection provided no indication of
defect precursors.

2\ two phase research strategy was adopted to develop the inspection protocol.
The tirst phase consisted of an exploratory effort to characterize the thermal properties
and defects exhibited by the production green sheet. Artificial defects and part geometries
were used to explore the sensitivity of several techniques. The ratio of etfusivities (binder
to alloy) was an order of magnitude greater that the ratio of the diffusivities. This clearly
showed that the sensitivity to differences in volume fraction alloy wonld be better for front
heating versus throngh heating. It was determined that the required data acquisition. for
tlash thermography. would be small compared to the translation speed of the material on
the production line. Thus for Hash heating the material was effectively static.  In the
~ecund phase a prototype inspection system was assembled to provide tor the required
inspection rate and to simulate the geometry of the part presentation in the manufacturing
environment. Thermal Hash data were collected using a state-of-the-art high speed InSb
tocal plane array camera.

The heat transfer behavior of the compacted blends is consistent with the physical
changes resulting from variations in compaction pressure and compuosition. The relationship
between binder concentration and filler particle separation is dominated by two effects. At

low binder concentrations the addition of binder lubricates the compusite by reducing the
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friction between the filler particles. Thus. for a given compaction pressure. the alloy particle
separation decreases with binder addition and the volume fraction of alloy increases. As
the binder level increases the effect of dilution dominates and the alloy volume fraction
decreases. This etfect is manifested in the bulk density, strength. and thermal transport
properties of the compact.

Reference samples were fabricated to systematically study heat transter properties
as a function of compuosition and compaction pressure. A mathematical model. based on
these data. has been developed which predicts heat transfer within the green compact. The
model combines a zeneralized etfective media model with the appropriate analytical solution
to acconnt for green sheet constituent properties. their distribution in the compact. and a
nominal alloy particle shape tactor. This provides a platform for exploring the sensitivity of
the inspection technique to materials outside the current production process. Furthermore.
it provides a basis for inspecting a variety of composite materials which may be very different
from the FeAl green sheet. This capability is particularly important in an eavironment
where the inspection technology is being developed concurrently with the mamifacturing
process. For example. if the production specification for the ratio of binder to alloy were
tu change during process development it would be necessary to validate the effectiveness of
the enrrent inspection method for the new composite. The amount of experimental work
can be significantly reduced nsing results provided by the model. In the extreme case a
completely different process may be used. Tape casting is being explored as a replacement
for compaction. I[n the tape casting process the alloy powder is mixed with binding agents

and significant quantities of solvent. The result is a slurry which is cast directly onto a
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conveyor belt. The slurryv is dried to a green sheet vielding alloy volume fractions in the
same range as those of the compaction process. At the time of this study the tape cast
process was not stable enough to produce significant quantities of material. However. the
model should be useful in exploring the response of this material.

The green sheet is best described as a composite material with three constituents:
alloy particles. binder. and voids. Based on the constituent densities. weight fractions. and
bulk green sheet density the compact mass is estimated at about 97% alloy vccupying only 10
ro 650 percent of the bulk volume. The green sheet is a loose assembly of thermally conductive
particles which are partly coated by a much less conductive binder. The binder agglomerates
to form regions of low diffusivity and etfusivity. [n addition. significant voids are present
throtnghout the stmetire. Experimental results show that the production material can be
treated as one dimensional i the lateral heat tlow is not signiticant.  his results trom
the fact that areas with significantly different thermal responses are on a dimensional scale
many time larger than the thickness of the sheet.

A process tracking study was nndertaken to identify key morphological features
which related to product defects. Sheet material was rejected for several reasons: cracks.
thickness. porosity. flatness. wedge. and camber. The 42% yield and flaw distribution of the
sampled material was representative of the remaining material. The spatial correlation ot
defect locations with green sheet morphology provided for the identification of green sheet
tlaw precursors. [dentitication of these precursors aliowed for the prediction of defects which
vceurred several process steps later. Precursor morphologies were a direct measure of lucal

variation in green sheet volume fraction. The thermal inspection technique was found to
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have a spatial resolution 1000 times greater than the current x-ray unit with a 500 fold
increase in spatial resolution.

Two types of conformance criteria were developed based on statistics of the con-
forming (green sheet which vielded viable product) and non-conforming (green sheet which
failed during processing) sreen sheet. A statistical parameter. the coetficient of variance
(COV) of effusivity. proved to be an effective indicator of the relative risk ol subsequent
crack formation. The advantage of using this parameter is that it indicates changes in the
level of process control and is computationally simple and rapid. However. this statistic pro-
vides no spatial information. The ability to identify the location. distribution. and severity
of a particular tlaw precursor is necessary to determine specific causes and provide process
feedback. This was achieved by identifving an acceptable transverse. normalized. effusivity
protile and an acceptance band. This profile takes into account normal process variations
te.g. roller tlexure). This criteria correctly categorized all of the 20 sheets regarding their
final disposition (i.c. pass or fail) during processing. Determination of the methods statis-
tical capability will require improvement in the reference samples and primary methods for
tlaw identification within manufacturing. Compaction standards. similar to the reference
samples developed in the current work. will allow the thermal data to be calibrated with al-
luy volume fraction. Figire 6-1 depicts an arrangement for integrating a front-flash thermal
inspection technique into the current production environment. The conclusion is that the
developed method is an etfective means to detect flaws in partially processed FeAl material.

[t is anticipated that as process development continues the flaws will become more subtle.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwiad Jnoyum pauqgiyod uononpoldas Jayung Jaumo WBuAdod ayj jo uoissiwiad ypm psonpoidoy

Process
Feedback

Inspection Process

Data Processing

< Conformance

Assessment

<

Data Acquisition
Synchronization
Instrumentation

Figure 6-1: Arrangement depicting the integration of a front-flash thermal inspection technique into a roll

compaction process.
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As a result it may be necessary to reduce the confidence interval and modify the profile of
the conformance criteria.

Research into the application of modern quantitative NDE techniques to enhance
the quality of powder metal parts is relatively recent. Prior to the current etfort thermog-
raphy had not been considered a viable tool for the detection of green powder metallurgy
defects nor as a vehicle for understanding and improving the processing of green parts.
The current work clearly demonstrates the value of quantitative thermography within the

powder metallurgy industry.
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