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Abstract

Cordierite was adhered to molybdenum using various metallic interlayers of copper,

nickel, and chromium.  The development of a coating adhesion test methodology was required to

choose between interface designs.  An indentation method was chosen because of ease in testing

and availability of fracture mechanics interpretations of test data.  The interfacial fracture

toughness was determined from indentation load vs. crack length data by examining the residual

stress and critical buckling load of the ceramic coatings.  The interfacial fracture toughness values

obtained using a slightly different indentation analysis agree with those in the literature.

Quantitative chemical analysis of the interface microstructure was used to explain differences in

interfacial fracture toughness values for samples with different metallic interlayer designs.  The

best interface design for adhering cordierite glass-ceramic coatings to molybdenum was found to

be molybdenum / 2 µm copper / 4 µm chromium / cordierite.
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Chapter 1

Introduction and Background

1.1  Definition of Problem

Recent work in developing an electrostatic wafer chuck for handling silicon wafers during

processing has led to cordierite ( 2MgO - 2Al2O3 - 5SiO2 ) dielectric coatings on molybdenum

substrates1.  The cordierite is processed as a glass - ceramic which gives it the desired sintering

properties for moderate temperature range processing (<1000oC).  Molybdenum is a low

expansion, nonmagnetic, conductive material that closely matches the thermal expansion

characteristics of cordierite.  The difficulty with using these two materials is that they do not

adhere to one another after the sintering and crystallization of the glass - ceramic on the

molybdenum surface.  It was found in previous work2 that cordierite did adhere to stainless steel,

but that the thermal expansion mismatch caused the coating to fail because of severe compressive

stresses. By using metallic interlayers of Cu, Ni, and Cr as adhesives, it was found that cordierite

could be bonded to molybdenum.  The optimization of these metallic interlayers requires a

practical adhesion analysis to determine the relative strengths between the cordierite and

molybdenum for the various interface systems, and an analysis of the locus of failure for

understanding why one interface may be stronger than another.

1.2  Adhesion

A long standing problem that plagues all composite material systems is the quality of the

interfaces between components.  Whether this concerns transferring a load across a boundary

between materials, or conducting a photon or phonon from one material to the other, the problem

still concerns the quality of mechanical, thermal, or electrical “bond” between the materials.

Interests pertaining to mechanical bonding between materials have been lumped under the term

“adhesion,”  but there is a wide variety of work being described simply by the “sticking together

of two similar or dissimilar materials.”3 One distinction between the two major types of adhesion

studies needs to be made, specifically in reference to the work that follows.  “Basic adhesion”

refers to the forces or work of attachment in a system with a well-defined interface, and the only
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contributions to bonding are the various electrostatic, chemical, or van der Waals forces between

the two materials.3  Much of the work being done in basic adhesion analysis is currently rooted in

computer modeling and characterization of ideal interfaces using thermodynamics, but real

systems are in many cases too complex to study in this manner.  “Practical adhesion” is the

contrast to “basic adhesion” and can be defined as the work or energy required to separate two

materials that have been stuck together.3  Practical adhesion studies are rooted in empirical data

analysis, and modeling is restricted to attempting to predict trends within specific composite

systems that may have complex interfaces or interphase regions.  The primary difference between

practical and basic adhesion is that the sample geometry and testing method can change the value

of practical adhesion strength, where basic adhesion strength is a fundamental quantity between

two materials.  In short, practical adhesion strength is useful as a design parameter, where basic

adhesion strength broadens the scientific understanding as to why materials stick together.

Adhesive layers play a prominent role in the study of adhesion, and “adhesive” will be

defined here as a material that bonds two other materials together but that does not necessarily

retain its bulk properties.  This definition effectively assumes that the adhesive layers are infinitely

thin with respect to the coating and substrate being mechanically tested.  The following work

focuses on how different adhesive layers can affect the practical adhesion strength of a particular

composite system.

1.3  Adhesion Testing

In order to study practical adhesion between any two materials, there are two important

parameters to determine, the first of which is the strength of the interface, as determined by any

typical adhesion test.  The adhesion strength is a quantitative number, whether it is a stress to

fracture or an energy of debonding that provides the necessary numerical comparison for different

samples.  In practical adhesion analysis, the adhesion strength is taken as a relative value between

samples for a given testing method because comparing strengths from other systems and methods

may not be appropriate and may produce apparently erratic results.  The second parameter to

examine is the locus of failure, which is often overlooked as a design tool.4  The locus of failure

helps the analyst determine the mode of fracture, and provides the basic comparison for why one

interface may be better than another, regardless of the strengths.  In ceramic - metal systems,
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there are often reaction products and diffusion zones that can be stronger or weaker than the bulk

materials being adhered together; a locus of failure examination determines how processing

changes can maximize the desired qualities at the interface, such as strength or thermal contact.

Thus, in ceramic-metal systems, it is important to have consistent strength data from a single

adhesion test, and to utilize the information provided from a detailed fracture analysis of the

failure plane to make accurate conclusions about interface quality.

There are many ways to measure the adhesion strength of films and coatings.  The reviews

of some of these testing methods have shown that little more than rank comparisons can be made

among them.5  For this reason, relative values of adhesion strength for a specific testing method

on a specific composite system may be the only way to make meaningful comparisons using these

test data.  Issues involving which test to use must then simply be based on repeatability, ease of

analysis and testing, and comparability of the results to actual operational environments of the

composite (i.e. shear strengths for wear vs. pull strengths for structural joints, etc.).  Indentation

fracture tests proved to be the easiest to design, perform, and interpret for the bulk coatings

studied here.  Although indentation methods were originally designed for thin and thick films6 (1

µm < t < 25 µm), it will be shown that indentation fracture methods can also be used for bulk

coatings (t > 25 µm).  The indentation fracture method used for this study involves propagating a

penny crack at the interface using a diamond indenter, and then measuring the crack length for a

given load.  A penny crack is simply defined as a circular crack perpendicular to the load direction

and centered below the indentation site.  The interfacial fracture toughness, Gc [J/m2], is

calculated from the load vs. crack length data for a particular coating, and used as a relative value

of adhesion strength between samples with the same coating-substrate system but different

interfaces.  With a calculated value of adhesion strength, the other information to obtain from

each coating resides in the locus of failure and any changes that occur at the locus that may

describe the differences in adhesion strength between samples.  Various microscopic techniques

are available for examining the interface and provide the necessary quantitative analysis for sample

comparison.
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1.4  Objective and Approach

The objective of the following body of work was to determine the adhesion strength

(interfacial fracture toughness) for various metallic adhesion systems in a cordierite-molybdenum

composite, and to explain why one interface may be stronger than another.  Two requirements

must be satisfied to fulfill the objective.  The first task was to develop an adhesion testing method

that correctly determined the adhesion strength using indentation techniques, and the second task

was to examine the interface in such a way that it satisfactorily explained the results of indentation

testing so that meaningful suggestions could be made about which interface is best suited for

adhering cordierite to molybdenum.  The following chapter outlines the theories required to

determine the interfacial fracture toughness from indentation load vs. crack length data, which, in

turn, defines the experiments that follow in Chapter 3.  Chapter 4 discusses the results, and

Chapter 5 concludes with suggestions about interface choices based on the methodology

presented.
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Chapter 2

Theory

2.1  Interfacial Fracture Toughness

Before examining the details of indentation testing cordierite coatings on molybdenum

substrates, it is important to consider how the comparison parameter (interfacial fracture

toughness) is obtained from simple indentation crack lengths, indentation loads, and other

measurable coating properties. The basic theory described here was derived by Marshall

and Evans.7  The basis behind their theory is that the energy introduced into the coating by

indenting and plastically deforming the surface must be balanced by the energy released in

propagating a crack at the interface between the materials (Figure 2.1).  The perpendicular

indentation of a coating propagates a circular penny crack at the interface between the coating

and substrate, centered below the indentation site.  By measuring the crack lengths produced from

given loads, the energy required to propagate a crack along the fracture plane can be calculated.

The theory implies that the energy required to propagate a crack depends on the material

properties of the film, the fracture toughness of the interface, and whether or not the film buckles

above the crack.  Buckling of the film becomes important because of its dependence on coating

stress and loading distribution at the crack tip.  Upon buckling, there is a change in the relative

5

rigid substrate

indentation

film

debond region

2a

plastic zone

Figure 2.1: Schematic cross-section of an indentation test.  The arrows represent the remainder of
the coating restricting further growth of the crack.  “Crack length” is defined as the radius of the
crack (a).  In ideal cracking, the plastic zone does not extend into the substrate.



modes of loading at the crack tip, and it effectively takes higher loads to produce the same size

cracks at equivalent unbuckled loads (i.e. some of the energy used to propagate the crack is used

to push up the coating).  By analyzing the critical buckling point, it is possible to determine the

interfacial fracture toughness.  The following series of equations is a summary of the derivation

presented by Marshall, et al. for determining the interfacial fracture toughness from indentation

test data.  The resulting equations are then further manipulated in order to calculate interfacial

fracture toughness from the data obtained from the experiments outlined in Chapter 3.  The

methodology presented here is validated by using data in the literature to calculate the same

results produced by a different technique.

The penny crack propagated at the interface is modeled as a clamped circular plate, and

the sum of all the strain energies required to propagate the crack is taken to be (from Marshall, et

al. Eq.16)

         (1)U = �t(1 − �)[(B� − "0
2a2)(1 − �)/2 + ("0 + " r)2a2 − (1 − �)("0 + "r − "c)2a2 + B − " r

2a2]/E

where t is film thickness, B and B’ are constants, a is the crack radius, and σ0, σr, and σc are the

applied, residual, and critical buckling stresses, respectively.  The strain energy release rate is

defined as (Marshall, et al. Eq. 7)

                                                                                                    (2).G = −(1/2�a)dU/da

Thus, applying Equation 2 to Equation 1 gives (Marshall, et al. Eq.17)

                                    (3)G = t(1 − �){(1− �)"r
2 + "0

2[(1 + �)/2− (1 − �)(1 − "c/"0)2]}/E

where α = 0.383 if the film buckles (for a clamped circular plate9), and α = 1 if it does not buckle.

The interfacial fracture toughness (Gc) is then defined as the point where the strain energy release

rate (G) is equal to the fracture resistance of the interface, and the crack reaches its equilibrium

length.  After making appropriate substitutions and further rearranging the equations from

Marshall and Evans, the general interfacial fracture toughness equation is

      (4)Gc
B =

�
2E(1 − �)t5

a4 �2


(1 + �)
2 − (1 − �)

1−�−1 


2 
 + "r

2(1 − �)(1 − �)t
E

where,

Gc [J/m2]  Interfacial Fracture Toughness
γ unitless Geometrical Constant = k / 12(1-ν2)
k unitless Buckling Parameter = 14.68 (clamped disk)

42.67 (clamped disk with constrained center)
ν unitless Poisson’s Ratio
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E [Pa] Young’s Modulus
t [m] Coating Thickness (tmm indicates using value in mm)
a [m] Crack Radius / Length

unitless Normalized Loading Parameter = ζ (P / Ht2)3/2
�

ζ unitless Geometrical Constant = 1 / 71.8(1-ν)γ  (conical indenter)
= 1 / 93.0 (1-ν)γ (Vickers indenter)

P [kg or N] Indenter Load
H [kg/mm2 or Pa] Hardness
α unitless Buckling Parameter = 1 for no buckling8

       = 0.383 for k = 14.68
       = ???   for k = 42.67

σr Pa Residual Stress

If the film does not buckle, then the interfacial fracture toughness is independent of the coating

stress, and Equation 4 is rewritten

                                                                          (5).Gc
U =

�2E(1 − �)t5

a4 �2


1 + �

2



An important prediction made by Marshall, et al. comes from making appropriate substitutions

and rearranging Equation 5

                                                                   (6).Gc
U = E

2(71.8)2H3t



1 + �

1 − �







P3/4

a



4

Equation 6 shows that the load (P) vs. crack length (a) data should follow an (a / P3/4) = constant

relationship for unbuckled data at the interface or buckled data where the crack path has changed

from interface to film cracking (Figure 2.2).  Another prediction that has not been made

previously comes from manipulating Equation 4 in the same way as Equation 5 above (see

Appendix).  If the film buckles and the crack remains at the interface, then a change is seen in the

slope of the load vs. crack length curve, and the data follow an (a / P3/8) = constant relationship.

Figure 2.2 shows a schematic of the different crack paths for the predictions made in Equations

4-6, which were observed in the data collected for the 5 µm pre-stressed films shown in Figure

7b. of Rossington, et al.9

Utili zing the critical buckling condition, σc < σ0 + σr , and rearranging Equation (28) from

Marshall et al. reveals another relationship for calculating interfacial fracture toughness,

                                          (7)Gc =
(1 − �

2)"r
2tm

2E


�


Pc

Htmm
2




3/2

− 1



−2
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where the critical buckling load (Pc), coating thickness (t), and planar residual stress (σr) are all

parameters to be measured, and the other values are constants that can be calculated from sample

geometry or found in the literature.10  The critical buckling load (Pc) is determined from the

change in the slope of the load vs. crack length data, which then allows for the calculation of the

interfacial fracture toughness.  The coating thickness can be found by cross-sectioning the

samples, and methods for determining the planar residual stress are discussed in Section 2.2.

A sample calculation of interfacial fracture toughness was made using the data presented

by Rossington, et al. for their 5 µm pre-stressed ZnO films on Si.  In the methodology they

presented, an assumption was made concerning the relative fracture toughness of the film

compared to that of the interface.  The assumption states that, upon buckling, the fracture

toughness off the interface is equal to that of the film because the crack path changes from

interface cracking to film cracking.  This is a valid assumption for their particular data set, but can

not always be used because film cracking is not always observed.  The key observation made from

their data that corresponds to this analysis was the change in load vs. crack length behavior from

an (a / P3/4) = const. to an (a / P3/8) = const. relationship for their 5 µm pre-stressed films.  An

estimation of the critical buckling load from this change in load vs. crack length behavior results in

a value of  Pc = 2.42 ± 0.02 N, which corresponds to the lower value of 3 N observed in

Rossington’s results.  The error in the critical buckling load seems to be unreasonably small from

simple curve fits, and it is expected that the actual buckling load has a larger error associated with

it if a larger number of samples are tested, but this calculation is representative of data reported.

Recalculating the interfacial fracture toughness using Equation 7 and Rossington’s data, results in

a value of 13.4 ±  0.7 J/m2 for their 5 µm pre-stressed films, which corresponds closely to the 13

8

Figure 2.2: Schematic of possible crack paths and appropriate corresponding a / P n relationships.  If the
film has not buckled, then n = 3/4. If the film has buckled and the crack has moved to a path within the
coating, then n = 3/4.  If the film has buckled and the crack remains at the original fracture plane, then n
= 3/8.

Buckling Point

Substrate

Coating

3/4

3/4

3/8 Fracture Plane

ln P

ln a
3/4

3/8
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± 4 J/m2 calculated using their method but with less error.  The reduction in error is attributable to

the more direct calculation of interfacial fracture toughness, but should probably be larger because

of uncertainty in the critical buckling load between samples.

2.2  Residual Stresses

Because the coefficient of thermal expansion (CTE) for molybdenum is greater than the

CTE for cordierite, it is expected that measurable compressive stresses should develop in the

composite because the stress-free ceramic forms at high temperature and the molybdenum

substrate will shrink more during cool down (as assumed by using the equations in Section 2.1).

There are various ways to measure the stresses in materials; for example, external strain gages,

acoustic wave propagation, and Barkhausen noise methods.11  The most accurate way to

determine the residual stress of most any crystalline material is by diffraction (x-ray or neutron),

since the interplanar spacing effectively acts as an internal strain gage.11  Thus, any stress applied

to a crystal is going to deform it on an inter-atomic level, and, if the stress-free lattice parameters

are known, then deviations in the crystal structure can be determined by measuring the changed

d-spacings of the stressed, diffracting crystal planes.  The deviations in the interplanar spacing of

the crystal are direct measurements of the strain, and, therefore, the stress can be calculated by

using the measured strains and elastic constants of the diffracting material.

The sin2ψ method is probably the best understood method for determining the residual

stress in most crystalline materials.  The explanation of this technique is well-documented and will

not be discussed in detail here.11,12  On the assumption that the coating is isotropic, the general

x-ray equation that describes the relationship between the lattice d-spacing and the components of

the stress tensor is 

                                                                  (8)12d&,) = A& + B& sin2) + C& sin2)

where

A& = d0 + d0
1 + �

E "33 − �
E ("11 + "22 + "33) 

B& = d0
1 + �

E

"11 cos2& + "12 sin2& + "22 sin2& − "33 



C& = d0
1+ �

E

"13 cos& + "23 sin& 
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and the angles (φ,ψ) are defined in Figure 2.3.  Without going into detail, a fit of Equation 8 to

the d vs. sin2ψ data for several values of φ allows for determination of the stress tensor.

Reference 12 should be examined for further details on using Equation 8 and for a method of

determining the error in the stress tensor produced using this method.

10

Figure 2.3: Sample orientation and angle rotations in x-ray beam. A flat random
powder orientation was assumed. Slit sizes were 2 / 3 / .5 / .3 mm from source to
detector.



Chapter 3

Experimental Procedures

3.1  Sample Preparation

A schematic of the substrate - adhesive - coating system is shown in Figure 3.1.  A 1/4

inch Mo plate was cut into 1 and 2 inch squares, sanded with 60 grit sandpaper, and finally

sandblasted to produce a uniform plating surface.  Each Mo piece was then electroplated with Cu,

Ni, or Cr according to Table 3.1.  A standard Watts bath was used to plate Ni, and sulfuric acid

baths were used to plate Cu and Cr.  Electroplating procedures are outlined in the literature for

each metal13,14.  Ni and Cu plated Mo substrates were heated to 600oC and held at temperature for

1 hour in a reducing He - 10% H2 atmosphere in order to relieve deposition stresses and promote

11

* Cr is plated after annealing Cu or Ni
4209
2408
2207
4026
2045
2024
0403
0042
4001

Cr [µm]*Cu [µm]Ni [µm]Sample
Table 3.1: Interfacial Layer Thickness

Ni or Cu - Electroplated and Annealed

Cr - Electroplated

Cordierite Glass-Ceramic - Slip Cast and Fired

Mo Substrate - Sand Blast and Ultrasonic Cleaning

~100 um

0-4 um

0-4 um

6.4 mm

Figure 3.1: Sample schematic. If the Cu or Ni thickness is zero,
then the Cr is plated directly on Mo.



diffusional bonding before plating with Cr.  Annealed Ni and Cu films were then plated with a

final layer of Cr when appropriate.

After Cr plating, each sample was slip cast with cordierite and allowed to dry for >6 hours

before firing.  Slip casting involves making a slurry from powdered cordierite (2MgO - 2Al2O3 -

5SiO2) by mixing it with a polymer binder and various solvents according to the procedure shown

in Table 3.2.  The slurry is cast on the plated substrates using a doctor blade set to 500 µm above

the metal surface.  The cordierite firing profile is shown in Figure 3.2.  Since molybdic oxide is

volatile above 500oC, a reducing atmosphere was initiated after binder burnout at 450oC.  After

vertical shrinkage during firing, the cordierite coatings were expected to be ~100 µm thick.   Fired

samples were set aside for x-ray diffraction and indentation testing.

3.2  Residual Stress Measurements

As discussed in Chapter 2, it is important to know the residual stress state of the coating

for calculation of the interfacial fracture toughness from load vs. crack length data (see Equation

7).  A Scintag DMS 2000 diffractometer equipped with Cu radiation was used for all x-ray scans.

12

plasticizer7. butyl benzyl phthalate (3.26 g)
binder6. poly-vinyl-butyral (5.52 g)

 add 6 and 7, then
mix 6 hrs more.

solvent5. ethanol (7.5 g)
solvent / viscosity control4. toluene (30.1 g )

dispersant3. fish oil (1 g)
mixing media2. Al2O3 balls (150 g w/ bottle)

add 1-5, then
mix for 12 hrs in
plastic bottle on

ball mill.

coating material1. 10 µm cordierite powder (50 g)
ProcedurePurposeIngredient

Table 3.2: Slurry Recipe and Mixing Procedure15

rt rt

t1
t2

t3

r1
r2

r3 r4

r1 = 5 deg/min
t1 = 115 C (.5 hr)
r2 = 2 deg/min
t2 = 450 C (3 hrs)

r3 = 5 deg/min
t3 = 950 C (3 hrs)

r4 = 10 deg/min

Figure 3.2: Cordierite firing profile. Reducing gas is
turned on 2 hours into 450oC dwell.



Continuous 2θ diffraction scans of the cordierite coating were performed after it was determined

from a typical absorption calculation16 that the film was sufficiently thick for standard powder

diffraction techniques.  Coating strains were measured as variations in d-spacing by scanning over

a single diffraction peak at a 2θ - angle of 54.5o, rotating the sample to an angle (ψ) around the

beam at the same 2θ  - angle, and scanning over the peak again.  This procedure was repeated for

five ψ - angles from -35o to +35o, the sample was rotated 45o  (φ) parallel to the sample surface,

and all the ψ - angle scans were repeated ( and again at φ = 90o).  Figure 2.3 in Section 2.2

showed the sample orientation geometry and angle rotations for data collection.  Standard sin2ψ

techniques outlined in Section 2.2 were used for calculation of surface stresses from measured

strains and cordierite properties.

3.3  Indentation Testing

In order to calculate interfacial fracture toughness from load vs. crack length data, penny

cracks must be propagated at the interface in such a way that the crack radius can be determined

from films that buckle and do not buckle under a given load.  Figure 3.3 shows a schematic of the

indentation setup.  Interfacial penny cracks were propagated by indenting the coating surface with
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Figure 3.3: Indentation setup. Loading of the diamond tip was accomplished using the Rockwell
tester loading arm not shown in the figure.



a Rockwell C diamond indenter at discrete loads ranging from 3 kg to 90 kg.  Indenter loading

was accomplished by loading the Rockwell tester arm (not shown in Figure 3.3) with calibration

weights at 1 / 20th of the desired load.  The load cell was calibrated and used only to monitor

variations in the indenter load.  Visual inspection of the film determined what load was

appropriate for obtaining cracks in which the coating buckled, and several indentations were made

above and below this load.

3.4  Acoustic Microscopy

Because the cordierite coatings are opaque, acoustic microscopy proved to be the most

accurate way to measure interfacial crack lengths even though optical microscopy has been used

in all the previous work done to measure interfacial crack lengths produced by indentation

techniques.  An Olympus UH2 Scanning Acoustic Microscope equipped with an image analysis

system was used to measure interfacial crack radii.  A schematic of the acoustic scanning mode is

shown in Figure 3.4.  Scanning was performed in a reflection mode water medium by using a 50

MHz transducer lens focused on the interface as the surface area was scanned in roster pattern.

The reflected intensity was recorded as spot intensity on a CRT and saved as a photographic

image for further analysis.
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Figure 3.4: Acoustic scanning of interface.  The
transducer lens focuses the 50 MHz pulse on the
interface; if the interface is “clean,” then the pulse
passes into the substrate with minimum reflection.
Any imperfections reflect back the pulse, so cracks
appear as bright fields on the CRT.



3.5  Interface Examination / Microscopy

After obtaining crack length data, each sample was cross-sectioned, metallographically

prepared, and examined using optical microscopy, scanning electron microscopy (SEM), and

electron probe microanalysis (EPMA).  Optical microscopy was used to measure the coating

thickness.  An SEM equipped with energy dispersive x-ray detectors (EDX) was used to analyze

the fracture plane of the interface by examining the mating surfaces of ceramic chips removed

from the substrate.  The electron probe was used to examine post-firing interface chemistry and

microstructure, i.e. diffusion zones and possible formation of new phases.
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Chapter 4

Results and Discussion

4.1  Observations of As-Prepared Samples

The coatings were uniform in appearance, aside from occasional bubbles in the film from

incomplete air removal from the slurry prior to casting.  The color of the raw powder changed

from white to a dark gray after firing, which was assumed to be due to reduction of the film

surface.  Films that completely detached during firing were broken, and the center of the coating

was still white, which is consistent with the above assumption.  The edges of the molybdenum

samples (ultimately coated with chromium but without ceramic) were green, which corresponds

to an oxide of chromium that formed during binder burnout.  Samples that only had copper at the

interface detached when trying to move them.  Heavy oxidation of the copper layers probably

occurred during binder burnout, as the glass was only a loose collection of powder particles and

did not protect the surface beneath it from oxidation.  Any imperfections in the film were avoided

during indentation testing, and any samples produced in which the imperfections could not be

avoided were discarded and remade.

4.2  Residual Stress Estimation

When examining films and coatings in x-ray analyses, it is important to determine if there

is contribution to the diffraction pattern from the substrate holding the coating material.

Contributions from the substrate may change expected results in calculations using attributes of

the diffracted intensities.  The relative intensity of the transmitted (Iz) and incident (I0) x-ray

beams through a coating of thickness (z) is found using16

                                                                         (9)
I z

I 0
= exp[(−2�/! sin�) � !z]

The value for (µ/ρ) is calculated from the weighted average of the absorbing elements in the

material, and was calculated to be (µ/ρ) = 82.08 for cordierite.  An absorption calculation for a

100 µm thick plate of cordierite at θ = 54o ( ρ = 2.2 g/cm3 ) shows that the relative intensity is
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approximately Iz / I0 = 0.05  for traversing the coating twice (i.e. 5% of the x-ray intensity actually

would make it to the substrate and back out of the coating).  Thus, there isn’t any difficulty in

treating the coating as a powder slab of semi-infinite thickness.

A typical cordierite powder pattern is shown in Figure 4.1.  To accurately determine the

strains used for residual stress calculations, high 2θ angles (130o-160o ) are usually used because

the error in the measurement of peak position increases with 1/tanθ, as shown by the derivative of

Bragg’s law.17   It is quickly noticeable that there are not sufficient peak intensities at high 2θ

angles (>60o) for accurate measurements of residual stress because of the loss in diffracted

intensity with higher angles of ψ.  The highest 2θ angle peak of appreciable intensity is at 54.5o.

Several attempts at using this peak for measuring residual stress by the sin2ψ method yielded

results that were inconsistent.  Figure 4.2 shows a sin2ψ plot where resulting values of planar

residual stress were found to be 140 MPa in one direction (σ11) and -160 MPa 90o to that

direction (σ22).  These values are misleading because the calculated error associated with these

stress values is more than 100 MPa, which would statistically indicate zero values for normal and
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shear stresses.  Other attempts at taking the data from different samples did not yield better

results.  Some samples showed an downward slope in the sin2ψ plot so large that the calculated

compressive stress would cause the film to fail, and still others had an upward slope in the sin2ψ

plot, which would indicate a large tensile stress that can not be explained.  It is unlikely that the

sample processing variability was high enough to cause such variability in the coating stress, but

possibilities of equipment alignment error have not been eliminated.

In an attempt to better understand why there could be such a large error in the calculations

of residual stress, despite the low intensity at high angles (lower angles with higher intensity

produced the same erratic results) and possible alignment errors between sample runs, a closer
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look at the cordierite crystal structure was made.  Cordierite has two stable crystallographic

forms, a hexagonal and an orthorhombic phase.  There is not any distinct transition between one

form and the other, and the actual crystallographic structure may lay anywhere between the two.18

 When the higher symmetry form of cordierite transforms to the lower symmetry form, there is a

splitting of the diffraction peaks.  The splitting of these peaks is on such a small scale that simple

profile fitting programs attempt to fit a broad  peak to the splitting peaks, and this introduces a

large error into the actual position determination of the peak.  Because the elastic modulus of

ceramics are so high, large errors in the strains (taken as deviations of peak position) propagate

into even larger errors in the calculated stress.  Therefore, the determination of residual stresses in

cordierite by x-ray diffraction is extremely difficult, and the only solution may be to use

sophisticated profile fitting programs that can take into account the different phases of material.19  

Even this may be a difficult task considering that the cordierite used in these films was

non-stoichiometric.  Peak position determination from profile fits would also be difficult because

B2O3 and P2O5 have been added in solution to inhibit crystallization during formation of the glass

and act as nucleation sites during eventual crystallization into the ceramic phases; since neither of

these materials has the same structure as cordierite, it would be expected that the cordierite peak

positions would shift due to the presence of these materials.  In conclusion, a different technique

for measuring residual stresses in this coating may be required because the nature of the material

makes determination of the stresses using standard x-ray diffraction techniques very difficult.

The value for residual stress was still required for calculation of the interfacial fracture

toughness.  Considering the lack of methods to measure the stresses in the cordierite coating,

estimates of the stress would have to suffice despite the larger errors that are associated with this

technique.  Using a thin film approximation,20  ts Es / (1-νs) >> tf Ef / (1-νf), the coating stress can

be estimated by 

                                                                                  (10)."f =
(�s − �f)�TEf

(1 − �f)
For a thermal expansion mismatch of ~1 ppm, a temperature change of 925 degrees, a modulus of

140 GPa, and Poisson’s ratio of 0.24, the residual stress is estimated to be compressive with a

magnitude of 170 ± 50 MPa, (assuming a 5% error on all values in Eq. 10).  In absence of an

accurate value of planar residual stress for the cordierite coating, this estimate will be used in

future calculations where residual stress is required.
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4.3  Crack Length Determination

Figure 4.3 shows a typical image from the acoustic microscopy scans.  Each crack image

has a black center region that corresponds to the coating damage from the indenter, a surrounding

white region that corresponds to the interface debonding, and the black speckled region that

corresponds to the remaining area of bonded interface.  In some images, a black ring can be seen

separating the white region from the speckled region; this corresponds to crack deflection into the

coating and eventually lead to spalling of the coating at higher loads.  In the upper left hand

corner of Figure 4.3 is a crack where the film has not buckled, in the upper right hand corner is an

indentation that resulted in spalling of the coating, and the bottom two cracks show where the

coating has buckled.  The larger black center regions on the lower two cracks are because of the

coating pulling away from the substrate surface during buckling, which is noticeable by looking at

the coating surface.  The crack length / radius was chosen to be from the center of the crack to

the outer edge of the white debond region for consistency.

20

Figure 4.3: Acoustic image of typical interfacial penny cracks (from Sample 1). The
radius is taken defined as the center of the black region to the outer edge of the white
region.



4.4  Critical Buckling Load

Resulting crack lengths for given loads are plotted on a log-log scale, as shown for Sample

6 in Figure 4.4.  For Sample 6, a change in slope is seen near a load of 23 kg, which corresponds

to the point at which the coating is observed to buckle.  As discussed in the introduction, the load

vs. crack length data should follow an ( a / P3/4 ) = constant relationship prior to buckling, and

follow an ( a / P3/8 ) = constant relationship after buckling.  The resulting fitting constants from a

forced fitting of these relationships to the data produce Cu = 0.126 ± 0.004 for the unbuckled

data, and CB = 0.453 ± 0.008 for the buckled data.  Errors on the constants are from errors in the

curve fit.  Because each data point only represents a single indentation, error bars on the data are

only dependent on the measurement error and are on the order of the size of the data point.  At

the critical buckling load (Pc), the corresponding critical crack length (ac) for the buckled and

unbuckled data should be the same; therefore, the critical buckling load is determined from the

ratio of the constants from the curve fits:

                                                                                    (11).Pc
3/8 = CB

Cu

The critical buckling load for Sample 6 is Pc = 30.3 ± 0.1 kg  from Figure 4.4 and Equation 11.  A

comparison of the calculated buckling load to the observed buckling load in Figure 4.4 shows that

the estimate from the curve fits is higher than the observed value.  This discrepancy between the

observed and estimated buckling load is not surprising since the regressions of the data do not fall

exactly on the expected (a / P3/4) or (a / P3/8) predictions.  Rather than a slope of 0.75 on the

unbuckled data, the regression fit was found to be at a slope of 1.08 ± 0.2.  Similarly, the

regression fit of the slope to the buckled data was found to be 0.29 ± 0.04 rather than 0.375.

Currently, there isn’t any explanation why the data do not follow the predicted trends more

closely, but it is expected that a better statistical sampling of indentation data would show better

agreement with the predicted trends.

4.5  Calculations of Interfacial Fracture Toughness

The interfacial fracture toughness can be calculated directly from estimates of the critical

buckling load, residual coating stress, and other coating properties, as was discussed in Chapter 2

with the presentation of Equation (7).  If the interfacial fracture toughness of the system has 
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already been determined, then relative values of interfacial fracture toughness can be calculated

from either the buckled or unbuckled data using ratios of the (a / Pn) fitting constants.  This

method is especially useful if the buckling transition is not obtainable because of limitations on the

test samples (i.e. small samples with few testing points).  The first calculation that follows shows

how the interfacial fracture toughness was obtained from the critical buckling load estimates for

Sample 6, and the second calculation shows how the interfacial fracture toughness was

determined for all the other samples, relative to Sample 6.
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4.5.1  Calculation of Interfacial Fracture Toughness for Sample 6 Using Pc

Using Equation 7 from Chapter 2, the interfacial fracture toughness can be calculated if

the planar residual stress (discussed in Section 4.2) and the critical buckling load (discussed in

Section 4.4) can be determined.  Coating thickness was determined from sample cross-sections,

and the other coating properties are taken from published values.  Using Equation 7 with the

following data:

ν = 0.24 ± 0.01
σr = 170 ± 50 MPa
t = 116 ± 6 µm
E = 140 ± 7 GPa
H = 890 ± 40 kg / mm2

Pc = 30.1 ± 0.1 kg (for Sample 6)
ζ = 0.00043 

the interfacial fracture toughness, Gc, was calculated to be 11.7 ± 7.0 J/m2, which is reasonable

considering the bulk fracture toughness of cordierite is 17 J/m2.  The large error in Gc is almost

entirely attributable to the error in the value of residual stress.  If the error in residual stress is cut

in half (to 15%), then the error in Gc drops from 7 J/m2 to 4 J/m2.  Thus, with a more accurate

measurement of residual stress, better estimates of interfacial fracture toughness are possible.

4.5.2  Calculation of Interfacial Fracture Toughness for Samples 1, 2, 5, and 7

Relative values of interfacial fracture toughness were calculated for the rest of the samples

using Equation 6 and the data in Figure 4.5.  If it is assumed that all samples have identical

physical properties for both the coating and substrate, then the relative interfacial fracture

toughness can be found using ratios of the unbuckled crack length constants

                                                 (12)
(Gc

U)s6

(Gc
U)si

=
tsi[a/P3/4]si

4

ts6[a/P3/4]s6
4 =

tsi(Csi
u )4

ts6(Cs6
u )4

where the subscript si stands for the sample number.  

4.6  Interface Chemistry and Microstructure

Optical microscopy showed that all of the coatings were free of porosity, while  the

average coating thickness for each sample was determined by using an image analysis system.

Figure 4.6 shows typical optical micrographs for the samples that had a Ni / Cr or Cu / Cr
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interface.  In each image, the bottom bright region is the substrate and the upper dark region is the

ceramic coating.  The copper and chromium regions in Figure 4.6a are easily distinguishable

because of the lack of interdiffusion between them, but the Ni / Cr interface rapidly diffused

together and it was not always possible to identify the different metallic layers using an optical

microscope. Optical and electron microscopy were adequate for looking at the interlayer system

qualitatively, but a quantitative analysis of the interface was required to gain a better

understanding of the bonding nature of the ceramic to the metal.  Electron probe microanalysis

(EPMA) provided the required analytical tool for determining the chemical composition of the

interface, as well as providing more detailed images from back scattered electron imaging and

x-ray mapping.

Elemental scans were taken across the interface for the Cu / Cr and Ni / Cr samples using

EPMA.  Figure 4.7 shows typical quantitative elemental scans and x-ray maps for the Cu / Cr

interface of Sample 8.  In all the interfaces containing copper, chromium was found at the
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boundary between copper and molybdenum.  Although there is only limited solubility between

copper, and either chromium or molybdenum, there is complete solubility between chromium and

molybdenum21 above 880oC, which would indicate a high chemical potential gradient between

them, and, hence, a large driving force for diffusion.  Chromium likely diffuses through copper

along its grain boundaries to build up at the interface between the copper and molybdenum; the

microprobe resolution, however, is insufficient to detect chromium in the copper layer.  This Cr

diffusion is advantageous because it enhances the bond between copper and molybdenum that

might not otherwise be strong.  It is interesting to note that there is not any molybdenum in the

chromium layer between the copper and the ceramic, indicating that the copper layer is an

effective diffusion barrier to molybdenum.  In the samples that contain Ni / Cr interfaces,

interdiffusion of the Ni, Cr, and Mo produced a diffused interphase region that was quite different

from the as-deposited system, as can be seen in Figure 4.8 for Sample 6.  If the metallic interlayers

were thick, then firing times were short enough to prevent molybdenum from diffusing through

the nickel and chromium layers at an extensive enough concentration to cause total debonding of

the ceramic.  The adhesion strength of the Ni / Cr system in comparison to the Cu / Cr system

was lower because the small amounts of nickel that diffused through the chromium lowered the

bonding strength.  This is confirmed by noticing the higher adhesion strength of  Sample 1 (only

Cr at the interface) compared to that of Sample 2 (only Ni at the interface).
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When possible, surfaces of the spalled ceramic from its mating substrate were examined

using a scanning electron microscope (SEM) equipped with energy dispersive x-ray detectors

(EDX).  EDX elemental scans of the ceramic surfaces from the samples with Cu / Cr interlayers

showed only Cr and the elements from the cordierite ceramic, while scans of the mating substrate

only showed Cr on the substrate surface.  Based on these observations, the fracture plane can then

be defined as the boundary between chromium and its oxide.  This assertion is supported by the

visual observation of the ceramic chips, which had the same greenish oxide as the oxidized

chromium surface coating, while the mating substrate surface was still a silvery gray.  Similar

results were seen in samples containing a nickel interlayer where the adhesion strength was high

(i.e. Sample 6).  In samples containing a nickel interlayer where the adhesion strength was lower
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(i.e. Samples 4 and 5), nickel was also found on both the ceramic and mating substrate surface,

and small amounts of molybdenum were also found on the substrate surface.  Although actual

impurity measurements were not performed, it is expected that the amount and type of impurity in

the chromium and chromium-oxide layers determined the adhesion strength of the

coating-substrate system.

4.7  Sample Comparisons

Table 4.1 lists all the fracture results calculated from the nine samples produced, and

Figure 4.9 shows the correlation between the relative adhesion strengths and element
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concentrations at the fracture plane.  It was noted in the Introduction that cordierite does not

adhere to molybdenum, and it was also mentioned earlier in this chapter that the purity of the

chromium layer more than likely determined the adhesion strength in these interfacial systems.

Samples 1-3 all had an individual 4 µm layer of Cr, Ni, or Cu, respectively, and Cr was observed
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Mo / 5 µm Cu /  Cord.no data3, weak

Mo / 2 µm Ni / 2 µm Cr /  Cord.Gc ~ 04, weak

Mo / 5 µm Ni /  Cord.10.7 ± 7.3  ?2, weak

Mo / 4 µm Ni / 2 µm Cr /  Cord.3.4 ± 7.15, med.

Mo / 2 µm Cu / 2 µm Cr /  Cord.9.8 ± 7.37, med.

Mo / 2 µm Ni / 4 µm Cr /  Cord.11.7 ± 7.06, med.

Mo / 5 µm Cr / Cord.19.1 ± 7.61, strong

Mo / 4 µm Cu / 2 µm Cr /  Cord.Gc > bulk ceramic8, strong

Mo / 2 µm Cu / 4 µm Cr /  Cord.Gc > bulk ceramic 9, strong

Interlayer DesignGc [J/m2]Sample

Table 4.1: Testing Results for All Samples
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to have the greatest effect on the adhesion strength.  The reasoning for the superior adhesion

strength of chromium is that the protective Cr-oxide that forms during firing bonds through

diffusion to the cordierite ceramic.  The nickel interlayer in Sample 2 improved the adhesion

strength, but the crack shapes during indentation testing were irregular rather than circular, and

extensive debonding was found to occur even after removal of the indenter load.  Although a

relatively high interfacial fracture toughness for Sample 2 is recorded in Table 4.1, the interface is

unreliable and should not be used.  The poor quality of the interface in Sample 3 (Cu only) was

because of extensive copper oxidation during binder burnout at 450oC in air.  By coating either

the nickel or copper with chromium it was expected that adhesion would be improved, which was

seen in almost all cases for Samples 4-9.

The series of samples containing nickel interlayers (Samples 4-6) best showed the

reasoning behind the assumption that the purity of the chromium layer controls the adhesion

strength in these systems.  Figure 4.10 shows two EPMA scans of Ni / Cr interfaces that had

excellent adhesion (Sample 6) and barely adequate adhesion (Sample 5).  The major difference

between these two scans was the presence of an almost pure chromium layer between the ceramic

and the metallic substrate in Sample 6, but an alloy of nickel and chromium, with a small amount

of molybdenum, between the ceramic and substrate in Sample 5.  Chips of the ceramic removed

from both substrates were examined using the EDX equipped SEM, and the presence of nickel at

the fracture plane was confirmed for Sample 5 but not for Sample 6.  Considering that Sample 4

had a thinner total interlayer thickness (4 µm compared to 6 µm for Samples 5 and 6), it was

expected that molybdenum should diffuse through the metallic interlayers to cause debonding of

the coating.  The difference in adhesion strength between Samples 5 and 6 was due to the relative

thickness of the Cr and Ni layers.  Diffusion through Ni was rapid for both Cr and Mo, but Mo-Cr

interdiffusion was considerably slower; thus, it is better to have a thin layer of Ni rather than Cr,

as can be seen by looking at the limits of using individual layers of each in Samples 1 and 2.

The advantage of using copper over nickel is quickly seen by comparing the adhesion

strengths of Samples 4 and 7 in the context of the discussion in Section 4.6, where it was shown

that copper acts as a diffusion barrier to molybdenum.  Both Samples 8 and 9 exhibited adhesion

strengths greater than the bulk strength of cordierite, and the interfacial fracture toughness was

assumed to be greater than or equal to the bulk fracture toughness of cordierite, 17 J/m2.  Since
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both Samples 8 and 9 have the best interfacial strengths, choosing between the two must be based

on processing issues.  Considering that it was easier to electroplate and anneal copper at a thinner
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thickness, then best interface of the nine produced would be from Sample 9, 2 µm of Cu followed

by 4 µm of Cr.
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Chapter 5

Conclusions and Recommendations

Two major conclusions can be drawn from this work.  The first conclusion is that the

interfacial fracture toughness can accurately be determined from load vs. crack length data if the

planar residual stress is known and there is significant data to obtain a statistically accurate critical

buckling load.  The accuracy of the technique was confirmed using data and results from the

literature, and the technique was utilized to estimate the interfacial fracture toughness of thick

cordierite coatings on molybdenum substrates with satisfactory results even though the residual

stress state of the coating was only estimated using a thin film approximation.

The second conclusion is that interfacial fracture toughness can be effectively used as a

relative value of adhesion strength between samples that have identical coating and substrate

characteristics but different interface designs.  The adhesion strength determined from the

interfacial fracture toughness calculation for Sample 6 was 11.7 J/m2, and relative values ranging

from 3.4 to 19.1 J/m2 were determined by simply taking ratios of the load vs. crack length data

and, hence, the interfacial fracture toughness.  Using this information, the strongest system was

determined to be  Mo / 2 µm Cu / 4 µm Cr / cordierite.

There are a few of items that need to be addressed when producing cordierite coated

molybdenum substrates.  First, the purity of the chromium / chromium-oxide bonding layer was

determined to be critical to obtaining higher adhesion strengths. Although it was not examined in

this body of work, there is a possibility that the plated chromium characteristics are important to

the adhesion strength.  Darker chromium coatings were observed to have higher adhesion

strengths than bright chromium coatings, which may coincide with observations that pre-oxidized

steel surfaces have better glass adhesion strengths than clean metallic surfaces.  Thus, only a

single set of observations were compared in examining the adhesion strength of cordierite coated

molybdenum substrates, and further investigation is required before the interface is completely

understood.  The second point to take into account is that although the electroplating method for

depositing the metallic interlayers is relatively simple and cheap, there are many parameters to

optimize to get a repeatable processing method, such as temperature, current densities, and bath
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chemistries; the variance between samples may also be accountable for a large portion of the error

that may not be apparent from the test data shown here.  Optimization of both the sample

preparation and testing methodology are required before truly accurate calculations of interfacial

fracture toughness can be made for cordierite coated molybdenum substrates.
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Appendix

A1.  Derivation of the “(a / P3/8) = constant” relationship.

Beginning with Equation (4) of Chapter 2

            (A1)Gc
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By combining and simplifying the equations presented by Marshall and Evans into the measurable

quantities,
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The first term of  Equation (A2) can be estimated to be approximately 5 x 10-19 , which is

negligible in comparison to the second term (~1), using the same estimation values. Thus,
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This equation shows that, upon buckling, the load vs. crack length data should become dominated

by a different mode of cracking, and, hence, follow a different power law behavior. Further

modeling is required before conclusions can be drawn as to why the power exponent is exactly

3/8 lower after buckling, but the data seem to follow this prediction. 
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