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Abstract

This report describes the results to date of a program that was initiated to predict and measure
residual stresses in Mo-AlL,O, cermet-containing components and to develop new materials and
processes that would lead to the reduction or elimination of the thermal mismatch stresses. The
period of performance includes work performed CY95-97. Excessive thermal mismatch stresses
had produced cracking in some cermet-containing neutron tube components. This cracking could
lead to a loss of hermeticity or decreased tube reliability. Stress predictions were conducted using
finite element models of the various components, along with the thermal coefficient of expansion
(CTE), Young’s modulus, and strength properties. A significant portion of the program focused
on the property measurements for the existing cermet materials and the sensitivity of these
measurements to small differences in starting materials, processing conditions, and the
measurement technique. The effects of differences in the properties on the predicted residual
stresses were calculated for exisiing designs. Several potential approaches were evaluated for
reducing the residual stresses and cracking in cermet-containing parts including reducing the Mo
content of the cermet, substituting a ternary alloy with a better CTE match with alumina, and
substituting Nb for Mo. Processing modifications were also investigated for minimizing warpage
that occurs during sintering due to differential sintering. These modifications include changing the
pressing of the 94ND2 alumina and changing to a 96% alumina powder from AlSiMag.

* Authors to contact for additional information.
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Mo-AlL,O, Cermet
Research and Development

1. Introduction

Purpose of Report

The purpose of this report is to document the research, development, characterization, and
finite element analysis stress predictions that have been conducted on molybdenum (Mo)-alumina
(ALO,) cermets and related materials used in neutron tubes (MC4277). The report is intended to
serve as a comprehensive source of information, references, materials data, and FEA models to be
used for component design and as a source of ideas and direction for future cermet-related R&D.

Cermet Applications and Performance Requirements

Mo-AlO, cermets are used in the insulator, feedthru, and insulator feedthru, which are all
subassemblies of the MC4277 neutron tube. Figures 1 (a-c) show drawings of these pieceparts.
The material adjacent to the cermet in each of these pieceparts is 94% alumina. Cermets are used in
each of these applications because neutron tube designers identified the following benefits that arise
from the use of Mo-AlL O, cermet features in alumina neutron tube parts.

1. Cermets can be used as integral hermetic feedthrus to replace pin feedthrus.

2. Using cermets as inlays in the alumina insulator may simplify the brazing process used to join
the ceramic insulator to Kovar.

3. The use of cermets near the triple junction in a neutron tube reduces the high fields that often
lead to breakdown.

4. Cermets can be used as grading rings io shape clectric fields to prevent {or minimize) the
electron avalanching that occurs during breakdown.

Additional details are provided in the paragraphs below. S

In the feedthru application the purpose of the integral cermet vias is to provide an
electrically conducting path through the insulating alumina. The conventional approach is to braze
metal pins into holes in the alumina. The limitations of the conventional approach are the
processing difficulties associated with brazing pins into alumina and the reliability issues relating to
the residual stresses produced by the thermal expansion mismatch between metal pins and the
ceramic. For feedthrus of this type, reliable components could not be produced because the hole in
the alumina was difficult to metallize, and cracks between the Kovar pin and alumina were
common. Producing an alumina part with an integral cermet feedthru was intended to mitigate
both of these limitations and has been successful for the MC4277 neutron tube. Although there is
a thermal expansion mismatch between the cermet (a=7.69x10/°C)" and alumina
(0=8.31x10°/°C), it is generally small enough in the source feedthru application that it has not led
to excessive residual stresses and cracking. The cermet feedthru appears to be 100% reliable.

Cermets are used as inlays in the alumina for the insulator application because they provide
a surface that can be brazed to using fewer steps than the number required for the Mo-manganese
and Ni plating process typically used for brazing alumina. We could greatly simplify the brazing

! Average linear contraction from 1000 to 37°C.




process and improve joint reproducibility if we could braze cermet directly to Kovar using an active
braze alloy. The metallization process of screen printing (on flat surfaces) and hand painting (on
non-flat surfaces) has problems with thickness uniformity and with unintentional stringers that can
occur when the screen or brush is pulled away from the ceramic surface. The elimination of nickel
plating baths would reduce our waste stream flow.

Cermets have a potential application in the tube frame as their presence has been
demonstrated to reduce the electric field in the triple junction of the neutron tube. The triple
junction (the intersection of the cathode, high voltage insulator, and vacuum) is the region where
the high voltage insulator (alumina) is brazed to the cathode electrode (Kovar) on the vacuum side
internal to the tube. Here, electric fields can be over ten times the average field in the tube due to
non-uniformities such as braze fingers at the ceramic edge or due to gaps between the insulator and
cathode (from chips, cracks, or other non-uniformities of the insulator). The enhanced electric
fields due to the non-uniformities in this region frequently lead to high voltage breakdown. Brazing
a ceramic insulator with a cermet inlay on the surface places these non-uniformities in a relatively
field free region, i.e., the defects are between the cathode and cermet, which are at the same
potential. The triple junction, in effect, moves to the cermet/insulator joint where there are relatively
clean edges.

Cermets may also be used as grading rings to shape the electrical fields. Grading rings
allow the neutron tube designer to angle the fields to prevent electron avalanching in addition to
lowering the triple junction fields. To help shield the triple junction from high fields, the grading
ring (a conductive ring at cathode potential) is either embedded into the high voltage insulator or is
external to the tube. An embedded cermet ring is preferred because it is more effective with its
close proximity to the triple junction. External grading rings cause problems with the tube
encapsulation process, €.g., initiating cracks or causing voids.

In some of these applications, such as the insulator feedthru, where the size of the cermet
via is much larger than in the feedthru insulator, cracking has been observed near the interface
between the alumina and the cermet. Problems associated with cracking include a loss of
hermeticity and the overall issue of reliability.




Program Objectives

The objectives of the program were to predict and measure the residual stresses in cermet-
containing components and to develop new materials and processes that would lead to the
reduction or elimination of the thermal mismatch stresses. Stress predictions were conducted using
finite element models of the various components along with the relevant properties of the material,
including thermal coefficient of expansion (CTE) and Young’s modulus. One objective was to
calculate the effects of differences in the properties on the predicted residual stresses for existing
designs. These design stresses were then compared to the generally accepted design stress for
alumina of 10 ksi or 70 MPa.

A significant portion of the program focused on the measurement of the properties of the
existing cermet materials and the sensitivity of these measurements to small differences in starting
materials, processing conditions, and measurement technique. Procedures were developed to
ensure the reproducibility of the CTE data. Because the Mo-Al,O, cermet has not seen wide use in
weapons components and because it has not been characterized nearly as well as alumina,
appropriate design stresses have not been identified. Hence, another objective was to use strength
measurements to define a target stress range.

Several processing approaches were identified for reducing the residual stresses and
cracking in cermet-containing parts. A significant part of this effort was devoted to examining
whether lower vol% Mo cermets could be used to reduce the thermal mismatch stresses to an
acceptable level without sacrificing other properties such as electrical conductivity or brazeability.
The requirements for higher electrical conductivity in some applications and improved brazeability
in others push the required Mo composition in the opposite direction to that required for reducing
the CTE mismatch and may allow only a small window in which the composition could be altered
as shown in Fig. 2. Our final objectives were to identify this window and to evaluate the
feasibility of several other approaches for reducing the CTE of the cermet.

Report Outline

This report is a comprehensive collection of the information and data obtained on the
modeling, characterization, and processing of cermets and cermet-containing components. This
work was performed during CY95-97. Future reports will cover subsequent work. Some of the
data and information from Gary Pressly’s Master’s thesis, “Characterization of Molybdenum-
Alumina Cermets,” is included in this report. This thesis provides detailed information about the
processing and properties of materials similar to those used in Sandia’s cermet-containing
components. Copies of the thesis abstract, introduction and conclusions are included in Appendix
B because this information in the thesis form may not be readily available.

Section 1 of this report describes the problem being addressed in this program. Section 2
contains background information and begins with a brief review of other work conducted on
cermets, including work conducted at Mound Laboratory and Lockheed Martin Specialty
Com:ponents {formerly General Electric Neutrcn Devices Department (GENDD) in Pinellas, FL),
where the current CND50 (50 wt% Mo, 50 wt% alumina) cermet material was developed. Section
3 contains descriptions of the two rnethods currently used to fabricate cermet-containing alumina
components. Both methods were used to fabricate the samples used in this study to characterize the
cermet properties. Section 4 describes the characterization of the cermets. The most important
properties are those used as input for the finite element models. Others are important because they
provide baseline information for the current materials. The property measurements also help define
the relationships between the processing, structure, and properties and provide us with a starting
point for empirical (phenomenological) models of the process space. These models will help us to
develop cermets for new applications in which the property requirements may be different.
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Section 5 contains the finite element analyses done on various cermet components and experimental
verification of the stress predictions. Section 6 contains descriptions of the various approaches for
reducing the thermal mismatch stresses in cermet-containing components including the evaluation
of lower vol% Mo cermets, development and evaluation of new Mo-containing alloys, evaluation
of Nb as an alternative to Mo in the cermet, and modifications to the processing of the current Mo
cermet. Section 7 presents conclusions, and Section 8 contains recommendations for future

research and development work on cermets.
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2, Background

Cermet Definition
Generic

The term cermet refers to a composite of a ceramic (cer) and metal (met). The Materials
Handbook® defines a cermet as “A composite material made up of ceramic particles (or grains)
dispersed in a metal matrix. Particle size is greater than 1 pm, and the volume fraction is over 25%
and can go as high as 90%.” Note that this definition is not inclusive, and cermets can also be
metal particles dispersed in a ceramic matrix. Cermet applications often combine the hardness and
stiffness of the ceramic phase with the ductility, thermal, or electrical properties of the metal phase.

SNL Definitions (historical):

e alumina cermet: a composite structure composed of monolithic regions of 94% alumina and
Mo/94% alumina cermet composite

e solid cermet: a monolithic composite of molybdenum and 94% alumina

Development of Mo-Alumina Cerméts for Defense Program Applications

Cermets, as defined in this context, were developed in the late 1970’s by personnel at
LMSC (then GENDD) as an alternative to conventional ceramic/metal pin feedthrus.” This cermet
was also used as an insert for high voltage hold-off improvement for ceramic/metal vacuum
devices. Those involved in that development include W. Schmidt, W. Dupree, W. F. Ierna, 1.
Levine, and A. Eylward. Documentation of this development effort is sparse, except for two
patents 4,704,557 and 4,488,673’ (both expired). The focus of the GENDD work was to develop
robust manufacturing processes to meet development and production needs for hermetic electrical
feedthrus in neutron tubes.

The cermet material developed at GENDD is designaied CNDS0 in which the “C” stands
for cermet, the “ND” for Neutron Devices, and the “50” for the wt% Mo. The alumina used in the
CND350 cermet is designated 94ND2. This is a 94 wt% aluminum oxide. The “2” refers to the
glass composition, which consists of MgO, CaO, and SiO, and constitutes the remaining 6 wt%.
Fifty wt% Mo in the CND50 cermet corresponds to 27 vol% Mo. For purposes of comparison
and conversion between wt% and vol%, the densities of Mo and 94ND2 alumina are 10.2 and 3.8
g/cm’ respectively. '

Development of the Mo-alumina cermet also occurred at MRC-Mound Facility in
Miamisburg, OH.° In one study by Mound, the effects of AL O, concentration and sintering
parameters on the resistivity of the cermet were determined. The resistivity of the cermet decreased
significantly as the alumina purity decreased from 99 to 91% alumina and decreased with increased
firing temperature. The effect of the increased firing temperature was attributed to the increased
density and greater connectivity between the conducting Mo particles.

Another Mound study of Mo and Nb pins as alternatives to CNDS50 cermets in alumina
components provides some insight into a possible mechanism of bonding between the Mo and the
alumina. Alumina powder was pressed around the metal pins and then sintered.” Microprobe -
analyses and microhardness measurernents of the Mo were conducted to reveal whether a reaction
had occurred between the alumina and the Mo pins. No direct evidence of a reaction was found;
however, differences in bonding behavior between the pins and 94 and 99% alumina suggested
that there might be a reaction between the Si in the glass phase of the alumina and the Mo to form a
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Mo-Si compound such as MoSi,, which is an electroconductive intermetallic with a room-
temperature resistivity of 21.6x10° Q-cm.® Other Mo-Si compounds also exist.”

During the design and development of the MC4277 neutron tube in the early 1990’s, the
application of cermet materials and processing was extended beyond the initial concept of hermetic
electrical feedthrus. Under the direction of J. Brainard (SNL) and D. McCollister LMSC), cermet
materials were employed as field shaping rings, joining interfaces, and feedthrus (see Fig. 1).
Eylward led the effort to apply existing processing techniques to these larger components with
larger cermet features. He documented many of those processes with Operating Procedures (OP)
and Special Use Specifications (SS) for fabrication of these development cermets for the MC4277.
The processing discussion in Section 3 draws heavily on those OPs as well as processing
experience at SNL.

Beginning in FY93, the cermet manufacturing technology resident at LMSC was
transferred to SNL and AlSiMag”. AlSiMag is currently applying the manufacturing processes at
their facility, eventually leading to War Reserve (WR) qualification of their processes and products
to meet the present development and future production requirements for the MC4277 neutron tube.
The processing descriptions in Section 3 are representative of processes at LMSC, SNL, and
AlSiMag and should not be considered as exact.

¥ AlSiMag Technical Ceramics, Inc., Laurens, SC 29630
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Survey of Other Work on Mo-Alumina Cermets

Studies were conducted by McHugh et al.'® on the strengthening of alumina by Mo
dispersions up to 16 vol%. The significant increase in the average strength as a function of Mo
content, with a doubling in strength at Mo contents greater than 5 vol%, was attributed to the
inhibition in grain growth by the Mo dispersion. Sintering studies showed that the Mo-alumina
cermet densified at a lower rate in the early stages of sintering but reached an equal relative density
by the end of the hold at the sintering temperature. This study also contained some mformatxon
about earlier work by Pincus on the reactions between alumina and Mo to form Al,(MoO,),."!

The effect of the microstructure on the pcrcolatlon threshold, @, , for electrical conductivity
in Mo-alumina cermets was studied by Kelso et al.'> The variables in this study were the initial
particle sizes of the alumina and Mo powders, the alumina glass content (14 vs. 28 vol%), and the
dewpoint of the firing atmosphere. The percolation threshold varied from ~9 to 18 vol% Mo. The
¢, decreased when the particle size of the alumina relative to the Mo increased, when smaller
particles of Mo were used relative to a given alumina particle size, with higher glass contents, and
with higher dew point sintering atmospheres, which promoted the growth of less round particles.
The resistivity data for the cermet samples in this study were fit with McLachlan’s General
Effective Media (GEM) Equation'® using the percolation threshold for the lower resistivity phase,
¢., the conductivities of the two end members, and t, an exponent related to the product of ¢, and
m, a particle shape factor.

p [O.ll/r_ O%t) . (1) (o;l/t_ O%t] N (1—¢)( 1t llt) Q[P 1/t llt}
O.ll/t + Ao},{t o-ilz/t + AO-}r{t Pnyt + Ap 1/t p nyt + A plllt

(1a)

where

A=constant in the GEM equation (f,/(1-f)) or ((1-0,)/0,)

f = volume fraction of the poor conductivity phase (1-¢)

¢ = volume fraction of the high conductivity phase (1-f)

t = exponent in the percolation and GEM equations (t =m{f, - m,$.)
P, = resistivity of the composite (1/G,) _

p,= resistivity of the low-conductivity phase (1/0;)

p=resistivity of the high conductivity phase (1/c,)

In the limiting cases, where 6,=0 on the left and p,=0 on the right, the above equations can be
written as the classical percolation equations:

o, = o,(1-f/f) | (1b)
and p,, =p,(1-¢/9.)° (1c)
where

f, and ¢, are the percolation thresholds.

The data in this study used t~0.5.
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A study was also performed on a material similar to the Mo-AlL O, cermets in the Sandia
study. The cermet was a chromia-alumina composition with 30 wt% (20 vol%) metal.'* Physical
properties measured included firing shrinkage, density, CTE between 75 and 2400°F, hardness,
modulus, strength, and oxidation resistance. Of greatest interest to the present cermet study,
because of the need for a cermet with a coefficient of thermal expansion that matches alumina, was
the value of the CTE, which was 8.7x10%/°C between 25 and 800°C and 9.5x10°/°C between 22
and 1315°C, which was just slightly greater than that for the 99.5% pure alumina.
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3. Processing

Starting Materials

The Mo in the Mo-ALO, cermet is from General Electric.” The starting powders for the
94ND2 alumina and their weight percentages are shown in Table 1.

Table 1. Starting materials for fabrication of 94ND2 alumina.

Material Wit%
aluminum oxide 93.4
magnesium hydroxide 1.6
calcium carbonate 0.6
silica 4.4

The glass phase in the 94ND2 plays an important role in both the sinterability and
properties of the cermets. An electron microprobe analysis of the glass gg-xain boundary phase in
94ND?2 indicated the oxide constituents and mol%’s shown in Table 2.!

Table 2. Oxide constituents of the grain boundary phase in 94ND2 alumina.
Oxide Mol%
Si0 , 43.6
ALQO, 34.2
Ca0O 4.4
MgO 12.4
Na, O 0.5
K,0O 0.1
B,O, 4.1
BaO 0.01
TiO, 0.1
ZrQ, 0.3
FeO 0.1
Cr,0, 0.01
P,O. 0.1

Manufacture of Alumina Cermets:

The alumina cermet manufacturing process is shown in Fig. 3. It begins with dry pressed
cylindrical compacts of spray dried 94% alumina. For cermet processing at LMSC and SNL, the
alumina body (94ND2) was supplied by LMSC per SS305195." Initial efforts at AISiMag were
with 94ND2, but as it will no longer be available, AlSiMag is applying these techniques to their
alumina body, AISiMag 771. For dimensional control, the compacts are pressed to a green density
of 2.00 g/cc +0.02 - 0.001 g/cc. This is critical to establishing the initial dimensions prior to
filling and firing the cermet. Recent work at SNL by Readey/Ewsuk suggests that higher densities
may help control firing distortions, and formation of cermets from higher density compacts is
certainly feasible. At this density (~52% of the theoretical density) the compact is relatively fragile

i General Electric, Tungsten Products Plant, 21800 Tungsten Rd., Cleveland, OH 44117
v §8305195 - Ceramic Body, 94ND2
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and must be handled carefully to accommodate the subsequent machining operations. For
MC4277 components compact diameter =0.875” and height = 0.8” are routinely used. The
compact orientation during pressing should be noted as the diameter varies from one end to the
other by ~0.001 in.

Due to the fragile nature of the compacts, closely machined collets are used to hold them
during the first several machining steps (before subsequent isopressing). These collets are made to
precisely fit one end of the compacts. Therefore, identifying the up or down end of the compact is
recommended to permit holding the compact with only a slight pressure from the collet. Because
the low density compact is fragile, only the machining that is required for producing features that
require filling with cermet material is done at this time. These features consist of thruholes, blind
holes, and channels. Standard green ceramic machining techniques are used including the use of
diamond tooling for facing, turning, and parting operations. For drilling thruholes and blind holes
in alumina and CNDS50, sharp carbide tooling is recommended. Tool speeds and feed rates are
determined by the operator based on experience. Once complete, the compact is ready for filling
with the cermet composite. Prior knowledge of the pressing-to-firing shrinkage factor is necessary
to properly size these features prior to filling.

Cermet filling is accomplished using a liquid slurry suspension of the Mo/94% alumina
mixture (e.g., CND50). The procedure for blending the powder mixture is described below for
Solid Cermets. The slurry preparation process is detailed in S§443970." The vehicle used is
diethlyene glycol monobutyl ether (DGME) acetate (SS305003""). Blending is accomplished in a
tilted mixer commonly used for metallization slurries. The slurry is constantly stirred to prevent
settling and separation of the Mo and alumina portions. An eyedropper or syringe is used to
withdraw the slurry from the mixer, and it is immediately squirted into the appropriate feature in
the alumina compact. When filling vias or thruholes, a vacuum assist is used to aid the flow of the
slurry into the feature. Entrapped air in the slurry stream may result in large voids within the
cermet feature or subsequent distortions of the cermet via after isostatic pressing. Significant
operator skill is required to produce vias of uniform diameter and fill. Due to the porous nature of
the alumina compact and the high volatility of the vehicle, the slurry dries rapidly. For long vias
with small diameters, pre-wetting of the via feature with DGME acetate is sometimes used to delay
drying so that the slurry may fill the via completely. For blind holes or channels (typically braze
interfaces), where a vacuum assist is not possible, pre-wetting is used to aid filling of the slurry
into the corners of these features.

Following the filling operation, the component is thoroughly dried (130°C for 17 hr) to
remove the solvent from the filled part. After drying, the parts are isostatically pressed to 30 ksi to
increase part density and strength so that subsequent machining can be accomplished with high
vield. Again, the machined features are introduced with a prior knowledge of the isopressed-to-
fired condition shrinkage factor. There is some flexibility in the uniaxial and isostatic pressures
used in this process; however, process uniformity and repeatability are crucial to meeting the
dimensional requirements. Therefore, small changes in pressing pressure can lead to missed fired
dimensions if modifications to the shrinkage faciors are not incorporated. It should be noted that
linear and diarnetral shrinkage faciors will be different, and depending on the complexity of the
component, these factors can change depending on the location of the cermet feature within the
alumina body. For example, cermet vias located near the OD of an alumina compact will experience
a greater shrinkage after isosiatic pressing than vias located near the center point of the compact.
Therefore, establishing the shrinkage factors is done empirically and usually requires fabrication
and measurement of the actual components. Once established for a particular lot of 94ND2
powder, the shrinkage factors remain constant providing that compact density, isostatic pressure,

¥ §$5443970 - Cermet Slurry
* $§§305003 - Diethylene Glycol Monobutyl Ether Acetate
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and firing conditions remain constant. Process control is thus very important to produce cermets
with the required dimensions.

If performed incorrectly, bagging of the filled and dried compacts for isostatic pressing can
lead to subsequent leakage of pressing fluid into the bags, thus ruining the component. Latex
tubing and heat-sealable vacuum storage bags have been successfully used for isopressing these
components. Voids in the cermet and sharp edges (pressed or machined alumina surfaces) have
been shown to stretch or puncture the tubing and form pinholes in the latex. To reduce the
occurrence of bag leakage, cermet surfaces should be inspected and smoothed, and sharp edges
should be broken. Recently, we have suspected that 0.005 in. thick polyethylene bags have
contributed to subsequent cracking of isopressed parts. Therefore, this type of bag should be
avoided.

From experience, the size of the cermet features (typically diameter) will determine the
necessary thickness of the alumina wall surrounding the feature prior to sintering. For alumina
wall thicknesses less than 50% of the cermet feature diameter, excessive thermal mismatch stresses
that may develop during cooling from the sintering temperature can lead to cracking of the alumina
wall. It is recommended that components of this type have a minimum alumina wall thickness
equal to the diameter of the cermet feature. The extra alumina stock that this requires is removed
after firing by diamond grinding operations.

Sintering (co-firing) of cermet materials is accomplished under slightly oxidizing
conditions. Wet hydrogen environments have been successfully used to prevent oxidation of the
Mo constituent and to allow oxidation and removal of the residual organic binders. Both LMSC
and SNL have used periodic furnaces with flow-through wet hydrogen atmospheres. In both
cases, the dewpoints of H,O were ~45°C . AlSiMag currently uses a continuous furnace with a
wet hydrogen environment produced by “cracked” ammonia. In all cases, cermets of acceptable
sintered density (3.75 g/cc) have been produced when fired at 1625°C for 2.5 hr. Following
firing, diamond grinding processes are used to establish the remaining feature dimensions.

Inspection of the components using both dye penetrant (S$305182)"* and vicinal lighting
techmques (SS707252)" has been shown to be effective for Iocatmg cracks and other stress
concentrating defects. X radiography is used to verify the continuity and dimensions of internal
cermet vias.

Manufacture of Solid Cermets:

Solid cermets are monolithic bodies of CNDS0 powder and require fewer processing steps

than alumina cermets. The details of this process are described in SS443883™ and are shown in

Fig. 4. For both solid cermets and the cermet features in alumina cermets, a blended mixture of
Mo (46A101593)* and 94ND2 alumina is prepared using dry ball milling methods (S5321504).*
94ND?2 is a spray dried powder containing intentionally large agglomerates of alumina powder.
For dry blending with Mo powder (for either alumina cermet slurries or for powders for solid
cermets), it is recommended that a finer distribution of 94ND2 be used. Traditionally, this finer
distribution is obtained from the fines collector on the spray dryer when the 94ND2 slurry is spray
dried. This powder is called “secondary” and is preferred to the “primary” product of the spray

i §5305182 - Dye Penetrant Inspection

viit §§707252 - Vicinal Inspection of Alumina/Cermet Interfaces
* §5443883 - Cermei

*46A101593 - Molybdenum Powder

* §§321504 - Cermet Powder CND50



dryer. Primary powder may also be used; however, longer milling times are required to produce
uniform blends of CNDS50 powder.

Billets of CNDS50 powder are prepared by isostatically pressing at 30 ksi. For the
MCA4277 neutron tube, the solid cermet components are typically rings or flat discs. After applying
shrinkage factors to the required dimensions, the components are machined from the isopressed
billets. The components are fired identically to the alumina cermets and also require finish grinding
to achieve the required features and surface finish. The cautions concerning shrinkage factor and
process control for alumina cermets apply here as well.
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4. Characterization of CND50 Cermet and Lower Vol% Mo
Cermets

Property measurements have been made on the conventional CND50 cermets being used
for cermet-containing components and the 94ND2 alumina. 94ND?2 is the alumina used adjacent to
the cermet material in neutron tube components, and it is the base alumina in the Mo-alumina
cermet. Some property measurements have been conducted on the new cermet materials being
developed to reduce the thermal contraction mismatch, such as the lower vol% Mo cermets, the
Mo-V alloys, and the Nb-alumina cermet. The remainder of these characterizations will be the
subject of future investigations and reports.

Properties that feed directly into the finite element models (Section 5) are the coefficient of
thermal expansion (CTE) as a function of temperature, the elastic modulus-as a function of
temperature, and the stress-free temperature (discussed in Section 5). A significant effort has been
devoted to the evaluation of the accuracy and reproducibility of the thermal expansion data because
of the sensitivity of the residual stresses to the thermal expansion mismatch between the CNDS0
cermet and 94ND2 alumina. The strength data provides an estimate of the residual stress level that
we must stay below and can be used along with subcritical crack growth data (not yet measured) as
input for lifetime prediction models. All of the property values required for the FEA models have
been obtained on the conventional CND50. We have completed measurements of CTE and the
elastic moduli at room temperature for lower vol% Mo cermets, and we have the moduli for 20
vol% Mo cermets as a function of temperature. Strength has not been measured for any of the
lower vol% Mo cermets.

We have also measured the hardness and fracture toughness for CNDS50, lower vol% Mo
cermet materials, and for a series of cermet materials fabricated by Gary Pressly. Because of the
sensitivity of these properties to the processing conditions and density, they serve as a basis for
quick comparisons of the quality and uniformity of the cermet material from lot to lot.

We have measured the electrical resistivity of conventional CND50 cermets, Gary Pressly’s
CND50-like cermets with modified sintering temperatures and glass contents, lower vol% Mo
cermets, and the Nb-alumina cermet. This data is critical for determining whether cermets made
with a lower vol% Mo or different compositions satisfy the electrical requirements.

Although the bulk of our observations and models suggest that the thermal expansion
mismatch is the source of cracking in cermet-containing components, we have also made some
observations that suggest that sintering shrinkage differences may produce cracks in some parts.
These differences also contribute to distortion of parts during sintering and should be minimized to
reduce the amount of machining required to bring the parts to their final tolerance. Machining
operations contribute to the cost and time to build parts and are also likely to introduce flaws that
might contribute to failure in regions where high residual stresses exist. Shrinkage measurements
have been used to identify processing strategies that will minimize or eliniinate these differences.
We have measured sintering shrinkage differences between the CNDSO cermet, iower vol% Mo
cermets, and 94ND2 alumina.
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CTE Measurements

Introduction

Small differences in thermal contraction behavior between the baseline cermet composition
(27 vol% Mo/73 vol% alumina) and 94ND2 alumina result in tensile stresses sufficient to cause
cracking in some MC4277 neutron cermet tube geometries. In order to accurately model those
stresses using finite element analysis (FEA) and make recommmendations for replacement materials,
extensive testing was initiated to collect accurate coefficient of thermal expansion (CTE) and
contraction (CTC) data. Initial measurements were made using an alumina dual pushrod
dilatometer system to collect data over the entire processing temperature range; however, the
system measurement error exceeded the difference between the materials expansion/contraction
behavior. A fused silica dual pushrod dilatometer system was selected for more reproducible and
accurate testing and was used for the CTE and CTC measurements reported in this document.

Experimental Conditions

Thermal expansion/contraction measurements were made on alumina and cermet
compositions using a Netzsch dual pushrod dilatometer operated by Denise Bencoe and Dick
Brow, Dept. 1833. The fused silica pushrod and support system limited the maximum
measurement temperature to 1000°C. A 99.5% alumina standard reference material was selected
for these tests because reference materials with similar thermal properties to the unknown
(expansion/contraction and conductivity) help minimize measurement error. All tests were
conducted in a 15 cc/min flowing argon atmosphere under the following conditions: 1) heat from
room temperature to 1000°C at 5°C/min, 2) hold 20 min, and 3) cool from 1000°C to room
temperature at 2°C/min. The 20 min hold at 1000°C and slower cooling rate were also selected to
minimize error due to thermal gradients in the sample. Sample size was one inch long by
approximately 1/8 inch wide and 1/4 inch thick.

Results

All data are reported and compared as contraction strain (delta L/L) versus temperature in
Figures 5-8, and a summary in Table 3 compares the average linear contraction calculated over two
temperature ranges, 1000 to 37°C and 800 to 37°C. In addition to Figures 5-8 and Table 3, an
abbreviated set of tabular data is included in Appendix C, which summarizes contraction strain at
100 degree intervals for all materials tested. An electronic copy of the complete data set for all
samples is archived with Bencoe and Brow. Thermal contraction strain data are compared in this
report rather than expansion data because differential contraction from the “stress free” temperature
is used as direct input for the FEA calculations. Discussion of “stress free” temperature selection is
found in Section 5.

The Netzsch dilatometry system can incorporate an internal baseline correction calculated
by measuring a standard reference material, in this case alumina, and comparing it io the published
standard reference expansion/contraction data. A baseline correction curve was established, and a
baseline system correction error was calculated by measuring the alumina reference material five
times during the duration required to test the 94ND2 alumina and cermet samples and comparing
those values with the original baseline correction curve. A single baseline correction curve was
used for all measurements reported in this document, and error bars reflecting slight changes in the
system error are presented with data in Figures 5-8. In Figures 5 and 7 error bars on Mo represent
a standard deviation based on five and ten alumina reference runs, respectively, and cover the
duration over which data plotted in the figures were measured. Error bars on 94ND2 alumina in
Fig. 5 represent standard deviation of the delta L/L. measurement on five different lots of the
94ND2 alumina. This value is slightly less than the baseline system error indicating very little
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difference in the coefficient of thermal contraction (CTC) between these lots of 94ND2. Error bars
in Fig. 6 on 94ND2 and on Mo in Fig. 8 represent baseline system error calculated from reference
alumina measurements made over the duration required to collect data plotted in the respective
figures. Differences in CTC are least resolvable when comparing behavior of 17 to 27 vol% Mo-
cermet. The thermal contraction data were supplied for FEA calculations; discussion of residual
stress in specific geometries based on CTC mismatch is found in Section 5.

Table 3. Summary of the average linear contraction over the ranges 1000 to 37°C and

800 to 37°C.

[Material Lot-sample #|File Date [Contract. 1000 [Contract. 800
ID Meas. [to37°C 0 37°C
x10™/C lavg. x10°/C avg.

[o4ND2 9408-2 M&7 3/14/96 8.24 - 7.9

[94ND2 9408-3 M11 4/4/96 8.43 8.1

[04ND2 9408-4 Me7 3/11/96 8.19 8.29 8.07 8.02
[94ND2 9311-2 M80 3/26/96 8.23 7.94

[94ND2 916-2 M6 3/27/96 8.46 8.12

[94ND2 9410-2 M80 4/1/96 8.32 8

[o4ND2 9411-2 Mo 4/2/96 8.32 8.05

|All 94ND2 8.31 8.03
[Cermet 27 %Mo-1 Me5 3/13/96 7.63] 7.4

[Cermet 27%Mo-3 M19 4/16/96 7.75 7.69 739 7.395
[Cermet 23%Mo-1 M73 3/20/96 7.86 7.56

[Cermet 20%Mo-1 M63 3/12/96 7.69 7.42

ICermet 20%Mo-2 M7 3/19/96 7.82 i 7.91

[Cermet 20%Mo-3  [M12 4/8/96] 788 7.80 759 7.51
[Cermet 17%Mo-1 M76 3/21/96 7.82 7.53

JLCAC Mo MS7 6/18/96 8.3 6.17

Mo12Vv m82 6.67 6.47

iMo15V Mo8 6/6/96 6.86 6.62

Mo18V M9 6/4i96 6.89 6.64

IMo28V ingot 1 M3 5/30/96] 8.17 7.92

Mo28V ingot 2 MO - 6/3/96 7.9 7.66
75M022V3Fe |as cast-1 M57 5/28/96 7.64 7.37
75M022V3Fe |as cast-2 M58 5/29/96 7.7 7.67 7.4 7.39
75M022V3Fe |HT std.sint. |M37 9/11/96 7.68 7.4
75M022V3Co |as cast-1 M8 7124/96 7.67 7.32
75M022V3Colas cast-2 M10 7125/96 7.73 7.70 7.42 7.37
75M022V3Co |HT std.sint. |M36 9/10/96 7.64 7.36
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Preliminary measurements were also made of the CTE for AlSiMag’s 96% alumina vs.
their 94% alumina. These measurements were made using the alumina pushrod system and are
probably only accurate relatively speaking. At 1000°C, the 96% alumina had a higher CTE by
approximately five percent. Use of 96% alumina in the cermet composition could therefore
partially counteract the low expansion of the Mo bringing the CTE for the cermet closer to that for
94% alumina.
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Mechanical Properties

Elastic Properties

The room temperature to 1100°C Young’s modulus (E), shear modulus (G), bulk modulus
(B), and Poisson’s ratio (v), were obtained for a slurry- ;groccssed CNDS50 cermet, 94ND2 alumina
(lot 9408), and a 20 vol% Mo sample (dry-processed).'®'” The elastic properties shown in Table 4
were calculated from the longitudinal and transverse wave velocities measured by John Gieske
(Org. 9752) using the pulse echo technique. The measurements were made on cylindrical cermet
samples with an approximate thickness of 15.65 mm and a diameter of 15.08 mm. The alumina

samples were also cylinders and were similar in size.

Table 4. Elastic modulus data for 94ND2 alumina and 20 and 27 vol% cermets.

Material Densi ity Young’s Shear Bulk Modulus | Poisson’s

(g/em’) Modulus Modulus (GPa) Ratio
(GPa) (GPa)

94ND2 Alumina | 3.74 317.0 GPa 127.1 GPa 209.0 GPa 0.25

(lot 9408) 46.0 mpsi 18.4 mpsi 30.3 mpsi

@23°C

94ND2 Alumina 249.6 95.1 222.4 0.31

(lot 9408) 36.2 13.8 32.3

| @ 1100°C i

CND50 cermet | 5.46%.02 | 308.4 123.7 202.4 0.25

@ 23°C 44.7 18.0 29.7

(1ot 9511B from

lot 9408

94ND2)

CNDS50 cermet 235.9 13.94 20.8 0.23

@ 1100°C 34.2

(1ot 9511B from

lot 9408

94ND2) _

20 vol% Mo 5.08 317.1 126.5 214.1 0.25

@23°C (lot 46 18.4 31.1

9605 from lot

9408 94ND2)

20 vol% Mo 283.1 112.8 192.8 0.26

@1100°C (lot 41.1 16.4 28.0

9605 from Iot

9408 94ND2)

The data as a function of temperature between 23 and 1100°C are shown in Fig. 9 along with the
polynomial fits to the data.

The room temperature Young s modulus (E), shear modulus (G), bulk modulus (B) and
Poisson’s ratio (v), were also obtamed for dry-processed lower vol% Mo cermet bars (size B bend

bars) using the pulse echo technique.'®

Two measurements were made for each sample in the two
transverse directions, but the differences were not significant. The data for the average of the two
directions are shown in Table 5.




Table 5. Elastic modulus data for dry-processed, lower vol% Mo cermets.

Material Denst ity Young’s Shear Bulk Modulus | Poisson’s

(g/cm’) Modulus Modulus (GPa) Ratio
(GPa) (GPa)

14 vol% Mo 4.71 335.0 134.8 217.5 0.24
17 4.91 333.2 133.9 217.3 0.24
20 5.09 329.0 131.9 216.9 0.25
| 23 5.19 320.0 128.3 211.2 0.25
27 5.44 315.6 126.3 209.7 0.25

The Young’s modulus values are shown in Fig. 10 as a function of the vol% Mo in the cermet
along with the range of values for the 94ND2 alumina and Mo end members. *# The modulus
increases with decreased Mo content.

The modulus values for Gary Pressly’s dry-processed lower vol% Mo cermets, variable

glass content cermets, and cermets with variable sintering times are shown in Table 6. These
values were also calculated from wave velocities measured using the pulse echo technique.'’

Table 6. Elastic modulus data for dry-processed, lower vol% Mo cermets.

Material Denst t;f Young’s Shear Bulk Modulus | Poisson’s

(g/cm’) Modulus Modulus (GPa) Ratio
(GPa) (GPa)

B. CNDS50 5.44 310.3 124.3 205.4 0.25
E. CND50™ 5.43 310.2 124.4 204.5 0.25
G. 200% sinter 5.50 319.4 127.9 211.8 0.25
H. 50% sinter 5.36 298.9 119.9 196.4 0.25
I. 25% sinter 5.28 288.7 116.0 188.1 0.24
J. 0% sinter 5.12. 264.3 106.7 169.0 0.24
K. 14 vol% 4.68 331.0 133.5 212.4 0.24
L. 20 vol% 5.03 320.6 128.8 209.5 0.25
[ M. 36 vol% 5.90 297.3 118.6 200.5 0.25
N. 47 vol% 6.31 267.1 106.7 179.5 0.25
0. 1/2 x glass 5.06 263.7 106.7 166.2 0.24
P. 2x glass 5.33 296.9 119.2 194.5 0.24

The Young’s modulus vs. vol% Mo, including the results for the different glass contents
(half and double the glass content in CNDS50) and sintering times at temperature (0, 25, 100, and
200% soak time), are shown in Fig. 11. The modulus increases as the Mo content decreases. The
decrease in the Ycung’s modulus as the % soak time decreases and for the lower glass content
specimen are due to the lower density of these samples relative to the theoretical density.

Although there are differences in the modulus values for samples that are nominally the
same, the trends are the same. The differences in a given set of samples may be due to density
differences and differences in sample geometry.

*! Ranges of values are given because the modulus is sensitive to the density and processing of the materials.
! This CND50 cermet is made with primary powder.
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Strength and Weibull Parameters

Size B (4.0 mm wide x 3.00 mm thick x 45 mm long) flexure strength specimens of
CND350 cermet were prepared and fractured in 4-pt. bending according to ASTM standard C 1161-
90.° The strengths of the sixteen specimens were ranked from lowest to highest and a standard
two parameter Weibull analysis was conducted. The Weibull plot of the strength data is shown in
Fig. 12. The average strength was 407 £ 51 MPa. The range in strength values was 293 to 481
MPa. The Weibull modulus, m, was 9, and the characteristic strength was 428 MPa when all 16
data were included. When the lowest strength value, which appears to be an outlier because it is so
much lower than the other strengths, was omitted, the average strength was 415 + 42 MPa, the
Weibull modulus, m, was 12, and the characteristic strength was 433 MPa. Gary Pressly found
an average strength of 387 MPa for his CND50 specimens with a range of 377 to 418 MPa. Both
of these sets of strength data are higher than the ~310 MPa strength measured for 94% alumina
using size B bend bars. )

Fracture Surface and Flaw Characterization

Several of the fractured CNDS50 cermet samples were examined optically and with a
scanning electron microscope (SEM). The fracture mode is totally intergranular for the Mo phase
and primarily intergranular for the alumina phase. The samples generally appear to have failed
from surface flaws. Some edge failures were observed. An example of a tensile surface failure is
shown in Fig. 13. This specimen appears to have failed from a flaw that may have originated from
a fiber or hair in the original powder.

Hardness

Vickers hardness measurements were made on a polished section of a dry-processed 27
vol% Mo cermet bend bar specimen and a set of dry-processed lower vol% Mo specimens. A
Zwick 9212 hardness tester was used with indentation loads of 9.8, 19.6, 49.1, and 98.1 N,
although the bulk of the measurements were made at 9.8 and 19.6N. Only the latter results are
rtgponed. The hardness in GPa was calculated from the length of the indentation diagonals using
¢ formula:

H=1x10°x(0.47P/d% (2)

where P=indentation load in N
d= half length of diagonal in m

The results of the 9.8 N measurements on the Sandia samples and the results of 19.6 N
measurements on the Pressly samples are shown in Table 7. The number of measurements is
shown in parentheses. There is considerable variability in the measurements that can probably be
attributed to differences in the samples themselves, different people making the measurements, and
the difficulty of measuring the indentation dimensions. An indentation is shown in Fig. 14. The
large contrast between the alumina and Mo phases made it difficult to distinguish the edges of the
diagonals using an optical microscope.
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Table 7. Vickers hardness for dry-processed cermet specimens.

Material Lower Vol% Mo Specimens Other Materials
SNL Specimens Fabricated by
Pressly Hardness (GPa)
Hardness (GPa) Hardness (GPa)
14 vol% Mo 7.96:0.37 (3) 11.17%1.25 (12)
17 8.72+0.70 (3) _
20 7.8510.39 (3) 9.3940.70 (12)
| 23 6.4310.47 (3)
27 5.89+0.32 (3) 7.62+0.64 (12)
27 (0% sinter) 5.91+0.51 (12)
27 (25% sinter) 7.11£0.38 (12)
27 (50% sinter) 6.83+0.85 (12)
| 27 (200% sinter) 8.00+0.48 (12)
| 27 (half glass, 3.4 vol%) 5.38%0.38 (12)
27 (double glass, 12.9 vol%) 8.26+0.70 (12)
36 5.96+0.48 (12)
47 4.14%0.31 (12)
As received Mo 2.54%0.06 (4)
Annealed Mo 2.12+0.11 (4)
94 ND2 alumina* 11.6-12.8
94% alumina (avg. of Wesgo, 11.0+0.4
Alsimag, Diamonite & Coors)

* 11.6 GPa from Coors Ceramics 94% alumina property data and 12.8 GPa for 94ND?2 alumina from Ref. 21.

Figure 15 shows that the hardness decreases with increasing Mo content, increases with
increased sintering time (related to the higher density of the samples at longer sintering times), and
increases with increasing glass content. The last effect is also likely related to the higher density
with increased glass content. Figure 15 also shows the rule of mixture predictions for hardness
based on the hardness values of the end members, 94ND2 alumina and annealed Mo. Because the
predicted values are generally higher than the measured values and the difference becomes larger as
the Mo content increases, it appears that the hardness measured for the as-received and annealed
Mo may not be representative of the Mo in the cermet. There may be a change in the Mo
composition that produces a lower than expected hardness. There may also be interactions
between the Mo and alumina that produces a composite with a lower than predicted hardness.
Because of the variability in the data, hardness values should only be used to distinguish process
or lot differences using measurements made by the same person on the same measurerment system.
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Fracture Toughness, K,

Fracture toughness values were gbtained for dry-processed CND50 cermets using
indentation crack length measurements,”” using the same indentations used for hardness
measurements. The following equation was used to calculate the fracture toughness, K., from the
indentation load, P (N), hardness, H (GPa), the Young’s modulus, E (GPa), and the crack length,
2¢ (m).

K,=0.016(E/H)"2 P/c*" 3)

A Young’s modulus value of 310 GPa was assumed for the calculation. An average K, value of
6.042.9 MPaVm was obtained for 49.1 N measurements. Few data were obtained because the
loads used to produce the hardness measurements produced very limited cracking, and those
cracks were very hard to observe using optical microscopy as shown previously in Fig. 14. As
such the indentation fracture toughness values obtained should be used only as a very rough
estimate of the true fracture toughness of the material. Acoustic microscopy appears to be a more
effective technique for identifying the crack length as shown in Fig. 16, which is an acoustic
micrograph of indentation in a CND30 cermet sample.

_ Fracture toughness values were also obtained using the indentation strength in bending
test,” in which an indentation is made on the tensile surface of a bend bar and the sample is then
loaded until it fractures. Indentations were made at loads of 9.8, 49.1, 78.5, 98.1, and 245.3 N.
Two or three samples were indented at each load. The fracture toughness was calculated using the
indentation load, P, the fracture strength, o;, the Young’s modulus, E (used E=310 GPa), and the
hardness, H (used 7.2 GPa), in the following equation; and the values are shown in Table 8.

K = 0.59 (E/H)"® (5, P'#)** 4)
Table 8. Indentation strength fracture toughness for dry-processed CND50.
Indentation Load Avg. Fracture Std. Deviation | Broke from indent
N) Toughness (MPavm) (MPam)
9.8 4.79 0.20 No
49.1 5.82 2outof 3
78.5 6.52 0.51 Yes
98.1 6.70 0.1 Yes
245.3 - 6.58 0.06 Yes

The values obtained for the higher indentation loads, where all of the samples fractured
from the indentation load, are probably more representative of the fracture toughness of the
material. The average value for these three loads is 6.6 MPavm. For comparison, values obtained
for 94ND2 alumina were 3.8+0.1 MPavm for a 29 N load and 4.540.2 MPaVm for 2 294 N
load.” The indented strength of the cermet is plotied as a function of the indentation load in Fig.
17. The slight deviation in the slope (-0.25) from a value of -1/3 suggests R-curve behavior,
where the toughness increases as a function of the crack length. This behavior provides the
material with a degree of flaw tolerance, i.e., the material is less sensitive to the initial flaw size.
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Microstructure

Polished Sections

Cermet specimens were sectioned and polished using conventional metallographic
techniques. Figures 18 (a) and (b) show SEM micrographs of un-etched, dry-processed 14 and 27
vol% Mo cermets made for the lower vol% Mo series of specimens. The light phase is the Mo, the
gray phase is the alumina and glass, and the dark phase is porosity or pull-out. The Mo phase is
fairly uniformly distributed, it is irregular in shape, and often appears to be clusters of Mo
particles. The size of the clusters ranges from 1-20 um. The porosity is also uniformly
distributed. At 14 vol% the Mo phase does not appear to be continuous in two dimensions. This
is consistent with the fact that this sample was an insulator in resistivity measurements. The
connectivity of the Mo phase in the 27 vol% is much higher. Examination of sections made in
three directions relative to the original pressing direction did not reveal differences in the
microstructure that would indicate that dry-pressing or other processing steps introduce preferred
orientation of the Mo phase. Figure 19 is an SEM micrograph of a slurry-processed cermet with
27 vol% Mo. There are no significant differences in the grain sizes of the two phases (compared
with Fig. 18(a)), but the distribution of the two phases may be slightly more uniform in this
sample relative to the dry-processed cermet.

Gary Pressly’s thesis contains a significant amount of information concerning the size and
distribution of the Mo, alumina, and porosity in various cermet samples. It also contains SEM
micrographs of each of the starting materials.

Fracture Surfaces

Figures 20 (a) and (b) show SEM micrographs of a fracture surface of a dry-processed 27
- vol% Mo cermet. In the secondary electron (SE) image, the Mo is slightly lighter in contrast. In
the backscattered electron (BSE) image, the Mo is the very bright phase, and the alumina is the
dark phase. The Mo phase appears to be clusters of individual Mo particles. The size of the
clusters is consistent with observations of the polished cross-section. The size of the individual
Mo particles that make up the clusters are generally less than 10 um. The fracture appears to be
totally intergranular (fracture runs between the grains) for the Mo and primarily intergranular for
the alumina. -

SEM micrographs taken of the same location on a fracture surface at accelerating voltages
of 10 and 30 KeV exhibit differences in appearance as shown in Fig. 21 (a) and (b). Because of
the deeper penetration of electrons at the higher accelerating voltage, more of the underlying
material contributes to the signal, and this produces a fuzzier image. Using a consistent accelerating
voltage should be a consideration if microstructural comparisons are being made. A typical EDAX
(Energy Dispersive Analysis by X-ray) spectrum for a cermet fracture surface is shown in Fig. 22.
(a) and (b) for accelerating voltages of 10 and 30 KeV. At the lower accelerating voltages, the size
of the elemental peaks for both the Si and Mo are larger relative to the size of the Al peak compared
to the higher accelerating voltage. Due to the lower penetration of electrons at lower voltages,
phases such as the grain boundary glass are sampled more than the underlying alumina and Mo.
The assumption is that the alumina and Mo grains are covered by a thin layer of glass. Figure 23 i3
a high magnification SEM micrograph showing the glass phase on alumina grains.
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Cermet/Alumina Interface

Examination of fracture surfaces of cermet/alumina samples brazed to Kovar for tensile
braze button specimens has shown that there may be glass depletion in both the cermet and alumina
materials near the cermet/alumina interface. Figure 24 (a) shows cermet material from a region
close to the cermet/alumina interface. Figure 24 (b) shows cermet material from the bulk for
comparison. The bulk cermet has a glassier appearance. Presently we do not know whether this is
a general observation for the interface region, and a mechanism for glass depletion has not been
identified. It may be related to residual stresses at the interface or differential shrinkage during
sintering. If this is a general observation, the implication is that material in this region may have
different properties than the bulk and may serve as a source of failure if it is weaker. If itis an
isolated event, it may have occurred because any region with a low glass content is likely to act as a
preferential region for crack initiation and propagation.

Cross sections of the alumina/cermet interface should be examined to determine if glass
depletion at the interface is common. Alumina bend bar specimens with a cermet insert have been
made as part of the LDRD program on cermets. These are to be used for examining the strength of
the cermet/alumina interface. The same specimens will be used for examining the microstructures
in both materials as a function of distance from the interface.
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Phase Identification

X-ray diffraction measurements were made on cermet samples to determine whether phases
other than Mo and a-alumina, such as MoSi,, could be detected. Small differences in composition
may influence the shrinkage and CTE measurements. Measurements were also made to determine
whether the atmospheres used for CTE measurements (argon) and shrinkage measurements
(helium) produced different phases than those observed for samples processed in the normal wet
hydrogen environment. As-ground cermet samples are dark gray and shiny. Conventional X-ray
diffraction measurements indicated that ground surfaces of the as-processed, variable vol% Mo
(14-27%) cermet samples contained only Mo and o-alumina. Surfaces of the samples exposed to
helium during the shrinkage measurements were slightly white, and the surfaces of the samples
used in CTE measurements were dull gray. These observations suggested that some kind of
reaction had occurred.

The silica-based glassy grain boundary and any reaction products from interactions
between the Mo, alumina, and the glassy grain boundary are expected to be more apparent on the
fracture surface of a specimen because it covers the exposed grains on the fracture surface. As
such, grazing angle (2°) X-ray measurements, which sample only the top 1000 A of the surface of
interest, are expected to be more sensitive to detection of phases in this region than conventional
normal incidence X-ray measurements. Both kinds of measurements were conducted on the
fracture surfaces of a 27 vol% Mo cermet before and after exposure to the argon atmosphere used
for CTE measurements. Mo and a-alumina were identified on both samples using both kinds of
measurements. The normal incidence XRD measurements of the fracture surface before exposure
to argon also showed a trace of what may be aluminum silicate hydroxide (Al,Si,0,(OH),,
PDF#10-446).The surface of a dry-processed 27 vol% Mo sample exposed to argon during CTE
measurements also showed MoQO, as a minor phase. This suggests that the sample was exposed to
oxygen in the argon atmosphere used for CTE measurements.

The white reaction products that were created during exposure to the helium atmosphere
during shrinkage measurements were also expected to be present as very thin layers on the as-
sintered surface of the sample. Grazing angle XRD measurements were conducted on dry-
processed shrinkage samples containing 17-27 vol% Mo. The 17 and 20 vol% Mo samples
showed only Mo and a-alumina on the exterior surface and the surface that was ground after the
shrinkage measurements. The 23 vol% Mo sample also showed MoO, (tugarinovite, PDF#32-
0371) on the exterior surface, and the 27 vol% Mo sample showed MoO, on both the exterior
surface and the surface ground after shrinkage measurements. It may be that all of the samples
contain MoO,, but it is only detected in the higher vol% Mo samples because it is present in
sufficient quantities (because of higher vol% Mo) to exceed the XRD detection limits.

Grazing angle and normal incidence X-ray measurements were also conducted on a slurry-
processed CNDS50 (27 vol% Mo) cermet shrinkage sample both on the white surface and on a fresh
surface that had been exposed by grinding after the shrinkage measurements. The normal incidence
measurements of the white surface indicated the presence of a trace of aluminum silicate hydroxide,
whereas the grazing angle measurements id not. The fresh surface exposed by grinding showed a
trace of MoQ, using grazing angle measurements, which is consistent with the previous
measurements. Differences between the white surface of this sample and the dry-processed 27
vol% sample described previously may be due to processing differences or differences in the
helium gas used for the shrinkage measurements.

In summary, there is no evidence from X-ray diffraction measurements that the as-
processed cermet samples contain phases other than Mo and e-alumina, although phases that
comprise less than 5 vol% are generally below the detection limit for this technique. There is
evidence that exposure to helium or argon produces MoQ, as a reaction product, likely due to the
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presence of trace amounts of oxygen. The presence of an aluminum silicate hydroxide phase on
the fracture surface of one 27 vol% Mo sample that had not been exposed to either argon or helium
and on the white surface of a 27 vol% Mo shrinkage sample exposed to helium may be due to

differences in the samples that caused these phases to be present in quantities high enough to be
detected.
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Sintering Shrinkage Measurements

Differential shrinkage behavior of 94ND2 alumina and Mo-cermet was characterized using
a dual pushrod Theta dilatometer system. An alumina pushrod system was used, and these
preliminary experiments were limited to thermal cycles of 1500°C because of furnace temperature
limitations. All shrinkage experiments were conducted in a flowing helium atmosphere using the
following furnace conditions: 1) ramp from room temperature at 1°C /min to 1500°C, 2) hold 5
min, 3) uncontrolled cooling. A standard sintered-processed sample of each composition was used
as the reference material for the dilatometry experiments; and we assumed the expansion behaviors
were equivalent for the sintered reference and test samples.

Samples of 94ND2 alumina were prepared by uniaxially pressing powder to a density of 2
gm/cm followed by isopressing to 30 ksi and binder burnout at 800°C in wet hydrogen for 60
min. The 14, 17, 20, and 23 vol% Mo-cermet samples were prepared by uniaxially pressing to 5
ksi followed by isopressing to 30 ksi and binder burnout at 500°C in wet hydrogen for 60 min.
Samples of CND-50 (27 vol% Mo) cermet were made using the slurry procedure and isopressing
to 30 ksi, followed by binder burnout at S00°C in wet hydrogen for 60 min.

Final density and final shrink factor values for data collected in these experiments cannot be
compared with normally processed 94ND2 and CNDS0 because the normal processing temperature
of 1625°C was not reached. However, shrinkage behavior at the beginning of sintering process
can be compared and is shown in Fig. 25. These data are reported as Delta L/L (%) versus
temperature and show very little difference in initial shrinkage behavior of the Mo-cermets (14, 17,
20 and 23 vol% Mo) and 94ND2 alumina. However, shrink factor differences are observed for
CND50 and 94ND2 alumina pieceparts, 1.18 and 1.16 respectively, after processing under
standard conditions, i.e., 1625°C, hydrogen atmosphere for 2.5 hr. In addition, warpage of co-
sintered CND50 and 94ND2 pieceparts supports the occurrence of differential shrinkage. The
preliminary shrinkage data is reported; but, because of temperature limitations in the current
measurement system, further shrinkage characterization will be deferred until a new measurement
system capable of the 1625°C temperature cycle is available.

All samples showed some white surface discoloration following shrinkage experiments.
These samples were examined using XRD as discussed in the previous section to determine if
oxidation had occurred.
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Electrical Resistivity

The electrical resistivity measurements shown in Table 9 were made using a four terminal
measturement procedure. Measurements were made on cermet bars that were approximately 0.5 cm
x 0.5 cm x 2.6 cm. Two terminals were attached to the ends of the bar and were connected to a
constant current source (0.5 and 1.0 A). The potential was measured across the two inner
terminals. The voltage and current were measured with a Hewlett Packard Model 3458A
multireter. Other details of the electrical resistivity measurements can be found in the Nov. 14,
1996 memo from O. Solomon to R. Moore on “Cermet Measurements.” This memo includes a
description of the investigation of various methods for attaching the current supply and voltage
sensing leads to the bars and the analysis of the repeatability and uncertainties in the electrical
resistivity measurements. Three trials each for currents of 0.5 and 1.0 A were made for five
different 27 vol% Mo samples. Each tnal consisted of ten measurements. The standard deviation
for the five samples ranged from 5.7x10°® to 3.6x10° ohm-cm. The overall standard deviation for
all measurements made on the 27 vol% Mo samples was 2. 8x10°® ohm-cm. The resistivity values
for Pressly’s cermet samples are also shown in Table 9.

Table 9. Measured resistances and calculated resistivities for lower vol% Mo cermets.
Vol% Mo Resistivity (ohm-cm) | Resistivity (ohm-cm)
of SNL cermets of Pressly cermets
14 6.61x10°
20 9.5x10™ 2.6x10~
27 2.4x10™ 2.7x10*
27 (0% sinter) 3.7x107
27 (25% sinter) 3.1x107
27 (50% sinter) 3.0x10™
27 (200% sinter) 2.7x10™
27 (half glass, 3.8x107
3.4 vol%)
27 (double glass, 29x10™
12.9 vol%)
36 7.84x107
47 : 3.74x10”

The SNL and Pressly cermet data are shown in Fig. 26 as the logarithm of the resistivity
vs. the Mo volume fraction. The percolation threshold for electrical conductivity occurs at ~16
vol% Mo. The values measured for the 27 vol% Mo cermets are below the maximum value
. specified in the Sandia Specification (S$292680-200)*" that states a maximum resistivity of
p=0.0005 ohm-cm at 2522°C. The Pressly resistivity values are slightly higher than the SNL
values for similar compositions. This may be due to slight differences in the samples or the
measurement technique.

The resistivities predicted with McLachIan s General Effective Media equations,"
assuming a conductivity of 1.33x10° (ohm-cm)™ for the high conductivity Mo phase and 1x10*
(ohm-cm)™ for the low conductivity alumina phase and a value of t=1.7, are also shown in Fig.

* §§292680-200 - Issue J, Issued 8/15/81.
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26. The experimental values measured at SNL for the 20 and 27 vol% Mo samples agree well with
the predictions.

As the resistivities for Pressly samples sintered for various sintering times and the half and
double glass samples are tightly clustered on the log scale in Fig. 26, the same data are shown on
an expanded scale in Fig. 27. On this scale it can be seen that the half glass sample has the highest
resistivity. This may be related to the lower density of this sample and the likelihood that the
connectivity between the Mo particles was lower. The double glass sample has a slightly higher
resistivity than the regular CND50 cermet. This result may be due to the fact that despite the higher
density, there is a greater vol% of the glass phase, which is expected to reduce the overall
conductivity. The resistivity decreases steadily as the sintering time increases, which may also be
related to the increased specimen density.

Historical electrical resistivity data from Lockheed Martin Specialty Components (LMSC)
on CND350 batch qualification test samples from 11/05/81 to 12/19/91 gave an average volume
resistivity of 3.18x10™ ohm-cm, which is consistent with the values shown in Table 9. Kramer et
al. found values of 1.0x10? and 1.4x10? ohm-cm for 27 vol% Mo samples fired at temperatures
of 1500 and 1600°C respectively. These values are higher than those measured at SNL and by
Pressly, which may be a result of a difference in measurement technique.




5. FEA Modeling of Cermet Components

Finite element calculations have been performed to simulate the residual stresses developed
during the manufacturing of four cermet components used in the MC4277 and MC4300 neutron
tubes. The components, include the Target Feedthru Insulator (Fig. 1b), Target Insulator (Fig. 1c),
Backup Ring, and Source Feedthru (Fig. 1a). Radial cracks have been observed in the alumina
portion of the Target Feedthru Insulator. The calculations were performed to assess the residual
stress distributions in the various components due to thermal contraction mismatch between 94%
alumina and CNDS0 and to determine the effect of using lower vol% cermets on the residual
stresses in these components. All of the finite element calculations were performed using JAC3D,
a quasistatic finite element code developed at Sandia National Laboratories.

Model Inputs
Model Geometry

The finite element models of the various cermet components are shown in Fig. 28. The
Target Feedthru Insulator (1508 nodes and 1406 elements), Target Insulator (1222 nodes and 1141
elements), and Backup Ring (195 nodes and 168 elements) are axisymmetric geometries, whereas
the Source Feedthru (29,889 nodes and 27,180 elements) is a three-dimensional geometry due to
the asymmetric placement of the cerrnet feedthrus. The Source Feedthru model takes advantage of
half symmetry by constraining all of the nodes on the symmetry plane to displacement within this
plane.

Material Properties

The temperature dependent material properties of CND50 cermet alloy (27 vol% Mo) and
94ND2 alumina are given in Table 10.2*?¢ It should be noted that all of the stress predictions
presented in this report are based on 1000°C to room temperature thermal contraction (CTC) data,
which were extrapolated to the temperature interval of 1200°C to room temperature (based on the
900 and 1000°C data). Typically, the differential in the CTC’s of alumina and cermet increases for
a greater temperature range. Hence the residual stresses at room temperature are larger than those
at any intermediate temperatures during cooling. All results here are for room temperature
conditions as this represents the highest stress state experienced during the sintering process.

Table 10. Temperature Dependent Material Properties for 94ND2, CND50, and 20% Mo
Cermet.

94% Alumina (94ND2) NE CNDS50 (27% Mo) 20% Mo

Temp | Moduius, | Poisson's § Thermal Modulus, | Poisson's | Thermal Modulus, Poisson's Thermal

(°C) § (x10%psi) | Ratio,v Strain (x10°psi} | Ratio, v Strain ({x10° psi) Ratio, v Strain
0 46.49 0.240 1.38x10* . 4488 0.256 2.14x10* 45.72 0.257 1.94x10*
100 46.15 0.242 4.92x10* 4373 0.264 5.49x10% 44.76 0.267 5.35x10*
20 4353 0.268 1,15x103 3091 C.265 1.17x10° 4203 0.280 1.16x10°
300 4143 0.287 1.89x10° 3763 0.262 1.86x10% 3661 0.311 1.86x10°
400 41.02 0.288 2.69x10° 3763 0.267 2.80x103 38.56 0.323 2.62x10°
500 41.689 0.278 3.55x10° 38.86 0.276 3.37x10° 30.16 0.320 3.41x10°
600 4241 0.267 4.43x10° 3997 0.282 4.18x10° 40.86 0.306 4.23x10°
70 4258 0.261 5.32x10? - 4013 0.278 5.00x10° 4245 0.285 5.07x10°
800 422 0.262 8.26x10° 39.32 0.262 5.86x10°° 42.80 0.271 5.92x10°
900 4155 0.266 7.20x10°3 3803 0.233 6.73x10° 4154 0.273 6.80x10°
1000 40.30 0.276 8.15x103 3661 0.207 7.62x103 30.77 0.283 7.70x10°3
1200 32.00 033 1.01x102 3200 0.240 9.40x10° 40.00 0.255 9.51x103
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Stress-Free Temperature

Prior to sintering, both the alumina and cermet materials are in the powder compact form.
When the powder compact is heated to the sintering temperature, the viscosity of the glass phase
present in both materials drops to the point that stresses generated in the structure are rapidly
dissipated. Upon cooling, the glass viscosity increases. Below a temperature referred to as the
"stress-free" temperature, the viscosity is high enough that dissipation of stress cannot occur.
Consequently, stresses produced by differential contraction are retained in the structure. To
simulate this process, the finite element simulations were initiated at a uniform temperature of
1200°C, the approximate stress-free temperature of alumina (see next section on Model Validation).
The finite element model was cooled uniformly to room temperature (25°C), and the resulting
residual stresses were computed.

Failure Criterion and Design Stress

Cracking in brittle materials such as ceramics tends to initiate when the largest tensile stress
at some point in the material exceeds material’s tensile fracture strength. The largest tensile stress at
any point in a continuum is one of the principal stresses. The directions of the principal stresses,
called the principal directions, are the orthogonal axes along which the shear stresses are zero.
Hence, in three dimensional space there are three principal stresses. The maximum principal stress
at a given point is the algebraically largest of the three principal stresses and the largest normal
stress at that point in any direction. Hence, the potential for crack initiation exists for any point in
the material at which the maximum principal stress exceeds the criterion for brittle fracture of the
material. The direction of the fractures tends to be perpendicular to the maximum principal stress
vector. The tensile strength is determined by both the fracture toughness, K., and the flaw size.
Because of the wide distribution of flaw sizes in ceramics, the strength typically has a wide
distribution. The size of the part also has an effect on the strength, with larger bodies having lower
strengths. One way of defining a design stress is the tensile strength (usually measured using a
four-point bend test) reduced by a safety factor that accounts for this variability. The strengths used
in the present study are the four-point bend strengths of 94% alumina and CNDS50, which are
approximaiely 45 and 60 ksi (310 and 415 1VIPa) respectively. The design stresses have been -
defined as one quarter of the bend strength.?” This gives ~10 ksi (69 MPa) for 94% alumina and
15 ksi (103 MPa) for the CNDS0 cermet.

FEA Predictions of Residual Stresses

Because the alumina has a greater CTE than the cermet, the alumina surrounding the
feedthrus is placed in tension. The predicted tensile stresses in the cermet feedthrus are consistently
well below the 60 ksi bend strength of the cermet. Hence, failure of cermet components typically
initiates in the alumina portion of the component. Figure 29 is a plot of the maximum principal
stress distribution in the alumina portion of the various cermet components (CNDS0) at the
completion of the sintering process. The location of the largest maximum principal stress is.

enoted by a “* on the plot. The largest tensile stress in the Target Feedthru Insulator is 36.1 ksi, -
below the bend strength of the alumina, but well above its design stress. The maximum stress
occurs at the upper edge of the alumina insulator at the cermet/alumina interface, corresponding to
the location cf the observed radial cracks in the Target Feedthru Insulator. This maximum stress
occurs at the surface of the component where crack initiation is more likely to occur. Therefore,
cracking in this region is likely. The largest stresses in the other three components are significantly
smaller than that in the Target Feedthru Insulator. Furthermore, the largest stresses in these
components occur at an internal location where crack initiation is less likely to occur. Hence,
cracking in these components is less likely to occur. These results are consistent with experience in
manufacturing these components.
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The same CTE mismatch calculations were performed using a low vol% cermet (20% Mo)
in place of the CND350 (27% Mo) to determine how much the higher CTE of these cermets will
reduce the residual stresses. Figure 30 is a plot of the maximum principal stress distribution in the
components with the low vol% cermet. The largest tensile stress in the Target Feedthru decreased
from 36.1 t0 29.2 ksi, nearly a twenty percent reduction in stress but still above the design stress.
The location of the maximum principal stress remains the same. Consistent with the Target
Feedthru Insulator simulations, the largest tensile stresses predicted in all of the components
containing low vol% Mo cermet are approximately twenty percent smaller than the same
component using CNDS0.

Model Validation

Indentation Crack Length Measurements of Stresses

The finite element analysis (FEA) described in the previous section assumed that the
residual stress in the cermet/alumina assemblies resulted from cooling from a “set point” of 1200°C
at which temperature stress relief from plastic deformation ceased. It also tacitly assumed that
“volume constraint”, which can limit plastic deformation in certain seal geometries and increase the
effective set point, was not active in those analyses. To validate those assumptions, two sets of
right circular cylindrical seal assemblies with a cermet core surrounded by an alumina annulus were
fabricated. One set contained cermet with 20 vol% Mo, while the other contained 27 vol%. Each
set included cylinders with three different alumina annulus thicknesses around a fixed central core
with diameter of 0.075 inch. Figure 31 is a schematic of the end face of samples with an OD of 0.2
inch.

We used an “indentation stress” technique to measure local stresses in these seal assemblies
and compared those data with FEA results. The indentation stress technique uses a Vickers
indenter with a large enough load to produce cracks extending from the diagonals of the
indentation. Residual stress present in the material changes the length of the cracks; tensile stress
increases the length, while compressive stress decreases it. We limited the measurements to planes
perpendicular to the cylindrical axis so that the stresses measured were the hoop and radial stresses
in those planes. To ensure that the cracks would be visible in the microscope, these surfaces were
polished flat using 0.25 micron diamond paste for the final polish. Indentations were introduced
only in the alumina. On each surface four sets of indentations were introduced along radial lines
with 90 degree separation between the lines and at least 200 pm between indentations.

The values of residual stress in the seals were determined from the equation
o,= K- P/c?)/ D (5)
where K is the fracture toughness and %, is a measure of the force that produces crack growth
from the indent (even in the absence of other local stresses). P is the force applied to the indenter,
c is the crack length from the center of the indentation, and @ is a parameter that accounts for the
crack geometry. Initially, we used values of 2.60 MPaem'” for K, and 0.0767 for ), that had

been calculated (using ,=0.016(E/H)'?) from the values of E and Hobtained in earlier work on
94ND? alumina.” However, inconsistencies in the stress values indicated that either the value of

K, was too high or that of %, was too low. To obtain a value of these parameters for the alumina in
the seals, indentations were introduced into stress-free alumina with a range of loads. Those

measurements provided a value for the ratio, K,/x,, that implied a value of 2.45 MPaem'” for K.
That value was used to correct the calculations.
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Data for one of the samples (20D3L2) are shown in Fig. 32. The sample designation is for
a 20 vol% Mo cermet core with an alumina annulus having an OD of 0.2 inch (D3) and a length of
0.05 inch (L.2). The indentation data are compared with FEA results that assumed a 1200°C set
point. Although the scatter in the indentation data is large, especially at the lower stresses, the
agreement is good enough to validate that set point.

To address the question of whether volume constraint might have played a part in
determining the stresses in these seals, several of the longer seals (L1 = 0.5 inch) were cut in half
on a plane perpendicular to the cylinder axis. Indentations were then introduced onto that exposed
plane. The results were essentially identical to those obtained on the end plane of those samples,
1.e., the surface that was exposed during fabrication and cooling of the seals. Those results indicate
no effect from volume constraint in these geometries and, to the extent that these geometries
emulate those in component subassemblies, there should be no effect in those subassemblies.
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6. Alternative Processing Routes

During processing, sintering shrinkage differences between the cermet and alumina
materials produce shape distortions. These distortions add to the time and expense of post-firing
machining that must be completed to shape the parts to their final dimensions. Additionally,
stresses generated by CTE mismatches may produce cracking. Cracking raises performance and
reliability issues. Possible solutions to the aforementioned problems include changing the
compositions of the ceramic and cennet materials to minimize the CTE mismatch and modifying the
processing to minimize or eliminate warping. Several alternative processing techniques have been
evaluated to various degrees. One alternative is a minor modification to the current process where a
20 vol% Mo-AlxO3 has been fabricated instead of a 27 vol% cermet. Cermets with this
composition were fabricated, and we have completed almost a full range of tests on this material as
described earlier in this report. Additional details are provided in the following section. Another
approach uses a Mo alloy with V, Fe, and Co additions to increase the CTE to a value closer to that
of 94ND2 alumina. Although the greatest effort has been devoted on the development of this
alternative through funding provided by a Laboratory Directed Research and Development,?® the
development of new alloys is still in the early stages, with current work focusing on producing fine
Mo alloy powders that can be mixed and co-sintered with 94ND2 alumina to produce cermets. Nb
also has a very good CTE match with alumina (Avg. CTE from 18-1000°C=7.88x10"%/°K).
Experiments were conducted on Nb-Al203 cermets to examine the feasibility of replacing Mo with
Nbin a cermet body. This study included sintering experiments and characterization of some of
the properties of Nb/alumina cermets. The final alternative processing routes address the problem
of differential shrinkage. Two approaches have been utilized, and they can be used together. The
first uses AlSiMag 614 (96% alumina) instead of 94ND2 alumina and the second uses the concept
of ensuring that the 94ND2 alumina and slurry-derived cermet have equal starting relative densities
prior to sintering. Bi-laminate compacts were made to study and develop this concept.

Lower Vol% Mo Cermets

The approach for reducing the thermal mismatch stresses between cermet and alumina

regions of neutron tube components by using lower volume percents of Mo in the cermet was
. based on the fact that less Mo would produce a cermet with a CTE closer to that of the base

alumina. The lower limit for the Mo content was dictated by the amount of Mo that would still
produce a conductive cermet with sufficiently low resistivity. The lower limit is dictated by the
percolation threshold, which for a three-dimensional equiaxed microstructure, is generally in the
range of 15 vol%.* For some applications there is no requirement for low resistivity but the
cermet must be able to be directly brazed to with an active element braze such as Nioro ABA™.™
The ability of the lower vol% Mo cermet to satisfy this requirement was measured using tensile
braze button pull tests according to the ASTM standard F19-64.2° The advantages of a lower vol%
Mo cermet over using new Mo alloys or using Nb instead of Mo are that the lower volume percent
Mo alloy requires only minor processing modifications, and the properties of this cermet are only
incrernentally diffcrent than those of the CND30 cermet (27 vol% Mo).

The processing of the lower Mo content cermets was the same as described in Section 3. A
series of cermets with Mo contents of 14, 17, 20, and 23 vol% was fabricated. Because the 17
vol% sample was too close to the percolation threshold (15-16 vol% as shown in Fig. 26), the 20
vol% sample was chosen as the lower vol% Mo alternative to the 27 vol% Mo in the CND50
cermet. Measurements of some of the properties of the series of lower vol% Mo cermets are
described in Section 4. Some of the measurements were made only on the 20 vol% Mo cermet.
The reduction of the predicted residual stresses was described in Section 5 for cermets with 20

* Wesgo Technical Ceramics and Brazing Alloy, Belmont, CA 94002,
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vol% Mo. The trends in the properties appear to follow a rule of mixtures model for composite
properties.

Ay =Vo A + VA 6

where A=property
V=volume fraction
X=phase 1
Y=phase 2

As the vol% Mo in the cermet decreases, the property moves closer to the properties of the
alumina. For example, as the content of the lower expansion Mo phase decreases, the CTE moves
closer to that of the higher expansion 94% alumina.

Recent work has evaluated Nioro ABAT™-brazed tensile buttons with 20 vol% Mo cermet
inlay in relation to previous work (FY94-5) performed on 27 vol% Mo cermet tensile buttons.”
Using a dry hydrogen atmosphere, three different braze process profiles were examined, as
described in Ref. 31. Hermetic joints have been achieved with both volume fractions Mo cermet
tensile buttons. However, the tensile button fracture strength data are consistently lower for the 20
vol% Mo cermet as opposed to the 27 vol% cermet buttons. This trend is illustrated in Fig. 33,
which presents tensile button results obtained with Process III (peak temperature = 1015°C, 1
min. hold at peak temperature). These results - and the data from both Process I (1000°C/5 min)
and Process II (1015°C/5 min.) - indicate that the 20 vol% Mo cermet buttons have average
strengths that are lower than with the 27 vol% Mo cermet buttons. On the other hand, the tensile
button strengths obtained with monolithic 94ND2 buttons are comparable to that of the 20 vol%
cermet buttons, while the data for the monolithic AL-500 buttons are somewhat lower.

Fractographic examination of the 20 vol% Mo cermet inlay buttons indicate that the tensile
failures always initiate at an excess braze ball located on the outer diameter (OD) of the braze joint.
Individual braze balls are located on the OD of all of the brazed 20 vol% Mo cermet samples.
These braze balls are expected to contribute to the lower observed strengths in these samples by
serving as stress riser sites for crack initiation. We are currently examining the 27 vol% Mo cermet
tensile button samples to locate and identify their fracture origins.
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New Mo Alloys
Introduction

Because of its excellent wet hydrogen compatibility at temperatures in excess of 500°C, the
idea that a Mo base alloy could be made with an appropriate binary addition to increase the CTE
while maintaining good hydrogen compatibility was pursued. An experimental effort was
launched during the spring of 1995 to examine promising candidate binary additions to Mo,
investigating CTE, microstructure, and hydrogen compatibility. The results are summarized
below. Additional details can be found in Ref. 32.

A survey of binary phase diagrams and thermal expansion behavior of binary Mo-X allo
systems®® suggested that both binary Mo-V and Mo-Cr alloys were candidates. Previous work®
on these binary alloys indicated that increases in CTE relative to the properties of unalloyed Mo
could be realized. However, due to the relatively high vapor pressure of Cr, it was decided that
Mo-Cr alloys would not be compatible with the vacuum bakeout process. For example, the vapor
pressure of elemental Cr reaches 10° and 10™ Torr at the respective temperatures of 838°C and
970°C. Both of these values are incompatible with the use of high vacuum furnace equipment, and
thereby eliminated Cr as a candidate alloying element. No such limitation existed with the binary
Mo-V alloys, and their use appeared to be feasible, as indicated by the CTE tabulated in Ref. 34.
Thus, a number of binary Mo-V alloys were produced in laboratory batches to permit evaluation of
CTE, microstructure, and hydrogen compatibility. Subsequent work has concentrated on
developing a ternary alloy that will allow us to reduce the amount of vanadium needed to increase
the CTE; this later work has concentrated on Fe or Co ternary additions.

Materials Preparation and Experimental Procedures

Experimental alloys were fabricated as small, cylindrical ingots using a small furnace
equipped with a non-consumable tungsten electrode and a water-cooled copper hearth. Both
powder and wire were used as the starting materials, with a total starting weight of 180-200 gms.
In order to achieve homogeneity, the buttons were remelied five times prior to being cast into a
cylindrical shape approximately 1.5 cm diameter by 10 cm length. Following fabrication, slices
from the ingot top and bottom were examined metallographically. Longitudinal CTE samples were
fabricated from sections cut generally from the top of the ingot. Multiple samples blanks were cut
using wire EDM from a full cylindrical section of the ingot and were subsequently ground to final
specimen dimensions of 4 x4 x 25.4 mm.

Following thermal expansion tests, the CTE samples were metallographically mounted,
ground and polished, and quantitative electron microprobe analysis (EMPA) was performed.
Probe linescans with points spaced approximately 80 um apart were run along the length of the
CTE samples, with approximately 300 points acquired for each sample. These linescans were
averaged to obtain the "mean" alloy compositions shown in Table 11.
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Table 11. Results of quantitative electron microprobe analyses of CTE samples. Data
(wt.%) were obtained from the length of each CTE sample and are presented as average
composition (+ standard deviation) based on 300-320 points. Note: the ternary alloys
represent avg, of two data sets obtained from adjacent CTE samples.

Nominal Alloy Vanadium Molybdenum Cobalt Iron
Mo-12.4V 10.91 (1.20) 89.09 (1.43)

Mo-15.5V 12.61 (1.34) 87.39 (1.67)

Mo-18V 15.32 (0.91) 84.68 (1.24)

Mo-28V, #1 30.82 (2.30) 69.18 (2.57)

Mo-28V, #2 29.00 (1.77) 71.00 (2.04) )

Mo-15V-9Fe 13.89 (1.51) 77.94 (4.52)* 0.00 (0.00) 8.17 (3.32)*
Mo-15V-10Co 13.72 (2.06) 79.06 (11.39)* 7.21 (9.14)* 0.01 (0.01)
Mo-22V-3Fe 21.50 (1.54) 76.10 (2.55) 0.04 (0.028) 2.37 (0.86
Mo-22V-3Co 20.99 (1.46) 76.56 (2.73) 2.43 (1.29) 0.02 (0.014)

* Large standard deviations for these two alloys are attributable to their two-phase microstructure.

Characterization of Binary Mo-V Alloys

All of the binary Mo-V alloys studied were found to have a single phase BCC
microstructure. These results are consistent with published phase diagrams, which indicate a
continuous series of solid solution alloys across the Mo-V diagram.

On-heating dilatation data for the various binary Mo-V alloys studied, the 94% alumina
ceramic (94ND2), and unalloyed Low-Carbon Arc-Cast Molybdenum (LCAC Mo) are shown in
Fig. 34. Clearly, the addition of V to pure Mo leads to a monotonic increase in the thermal
CTE trend curve for the Mo-V alloys and the 94ND2
is shown in Fig. 35. The CTE data for the binary Mo-V alloys were well fit by a polynomial
equation, as shown in Fig. 35. These data indicate that a precise fit to the center of the CTE range
for the 94ND2 is obtained at a binary composition of about Mo-32.5V. Tabulated average CTE
results for both on-cooling and on-heating data, along with the apparent density of the various
alloys, are shown in Table 12.

expansion of the binary alloys. A s
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Table 12. Average thermal expansion (between 37 and 1000°C) for the various alloys
studied. Note that both on-cooling and on-heating data are included. The last column
contains density measurements acquired from CTE samples.

Nominal Alloy  Actual Composition  Avg. CTE Avg. CTE Density
On-Cooling On- Heatmg (gm/cc)
(10%°C) (10%°C)

LCAC-Mo 100 Mo 6.302 6.262

Mo-12.4V Mo-10.9V 6.674 6.803 0.411
Mo-15.5V Mo-12.6V 6.867 6.903 9.265
Mo-18V Mo-15.3V 6.895 7.104 9.114
Mo-28V, #2 Mo-29.0V 7.908 8.090 8.522
Mo-28V, #1 Mo-30.8V 8.172 8.244 - 8.349

Mo-22V-3Fe Mo-21.0V-2.4Co 7.705%* 7.625* 9.005
Mo-22V-3Co Mo-21.5V-2.4Fe 7.679% 7.702% 9.015

Mo-15V-9Fe Mo-13.7V-7.2Co 7.930 7.580 0 -
Mo-15V-10Co Mo-13.9V-8.2Fe 7.770 7.640 0 -

* Data represents average of two runs from two separate specimens.

Iti is also interesting to compare the dilatation results obtained by Prindantseva and
Solov'eva® with those of the present study. To do this, all of the dilatation data for the binary
were fit to a polynomial equation, and the average CTE's between 20 and 800°C were computed.
Both on-heating and on-cooling data were included. Figure 36 shows the results of this
companson Note that there is reasonably good agreement between the results of the present study
and Ref.* over the range of composition studied.

Wet Hydrogen Compatibility Tests

Extra CTE specimens were used to evaluate the materials' compatibility with the wet
hydrogen atmosphere used to sinter the Mo-AL O, cermet materials. As mentioned in Section 3
(Processing) a wet hydrogen atmosphere is used to ensure oxidation and removal of the organic
binder without oxidizing the Mo. Samples were polished with 1 pm diamond paste and then
weighed using a Mettler Model M5 microbalance. The samples were then subjected to the standard
3 hr/1625°C wet hydrogen sintering treatment, in most cases using furnace runs that were also
being used to sinter development cermet piece parts. The results of these tests were expressed in
terms of the normalized weight gain (weight gain divided by surface area of the sample) and are
presented in Table 13. The “control" sample of LCAC-Mo exhibited a small weight loss thai was
presurned to be a result of the reduction of surface oxide during the sintering run. The results for
the two binary alloys indicate that there is an increasing tendency for weight gain as the vanadium
content is increased. While some of the vanadium oxide formed as an external scale, results
discussed in the ternary alloy section indicate that some of the oxidation is internal. These trends in
normalized weight gain with respect to increasing V content, led to efforts to develop ternary Mo-
V-Co and Mo-V-Fe alloys with slightly reduced V content for the cermet application. Data for Nb
are included in Table 13 because of its attractive CTE relative to the 94ND2 alumina. Extensive
oxidation and scale spallation was observed in the case of the Nb sample studied. As the weight
gain results in Table 13 indicate, the use of Nb as metallic phase in cermets would require sintering
atmospheres other than wet hydrogen.




Table 18. Weight gains after exposure to the wet hydrogen atmosphere for 3 hr at
1625°C. Where data from multiple samples are available, the average normalized weight
gain is shown, along with the standard deviation.

Nominal Actual Number of Samples Normalized Wt. Gain
Composition Composition (gm/cm?)
LCAC-Mo 100 Mo 1 -1.37E-5

Mo-12.4V Mo-10.9V 3 2.44E-3 % 7.25E-5
Mo-28V #1 Mo-30.8V 3 9.46E-3 + 9.79E-6
Mo-22V-3Co Mo-21.0V-2.4Co 5 5.73E-3 £5.95E4
Mo-22V-3Fe Mo-21.5V-2.4Fe 4 6.46E-3 £3.71E4
Unalloyed Nb 100 Nb 1 2.32E-2

We successfully made coarse binary Mo-28V alloy powder using the Plasma Rotating
Electrode Process (PREP). The ingot feedstock for the PREP process was a triply melted vacuum
arc remelt (VAR) ingot, 12.7 cm in diameter and 17.8 cm long. We are in the process of
developing planetary milling parameters that will allow us to process the coarse PREP powder into
finer (~10 pm size) powder that can be used for exploratory cermet sintering experiments.

Ternary Mo-V-Co and Mo-V-Fe Alloys

In an effort to minimize the amount of vanadium oxide formed when samples were exposed
to the conditions of the wet hydrogen sintering process, ternary additions of Fe and Co were
studied. Both were identified as elements that could increase the CTE of Mo-V binary alloys and
afford a good possibility of preserving/promoiing hydrogen compatibility. The first two ternary
alloys investigated had nominal compositions of Mo-15V-10Co and Mo-15V-9Fe. The thermal
expansion of both of these alloys (see Table 13 and Fig. 36) indicates that the Fe and Co additions
caused an increase in CTE relative to the comparable Mo-V binary alloy. However,
microstructural examination of these alloys indicated that these alloys are not single phase. The
extensive second phase observed in the Mo-15V-9Fe alloy was identified as MogFe7 using EMPA,
while MogCo7 was found in the Mo-15V-10Co alloy. Both line compounds are brittle
intermetallics and have relatively low melting points (1550-1600°C). They are not considered
suitable for use in cermet materials.

A subsequent examination of the ternary phase stability of the Mo-V-Fe system® shows
that at 897°C, the maximum amcunt of Fe that can be added to a 75 wt% Mo alloy and still remain
in the single phase BCC region is ~3.5 wt% Fe. Thus, two additional alloy ingots were made with
nominal compositions of Mo-22V-3Co and Mo-22V-3Fe. Electron microprobe analysis of CTE
samples cut from these ingots indicated actual compositions of Mo-21.0V-2.4Co and Mo-21.5V-
2.4Fe (see Table 12). Optical microscopy of both alloys in the as-cast condition indicates that both
alloys are single phase BCC. The on-heating dilatation behavior of these alloys is compared to that
of the 94% alumina ceramic and LCAC-Mo in Fig. 37. Clearly, the thermal expansion behaviors
of these two ternary alloys are consistent with the trend curve for binary Mo-V alloys shown in
Fig. 35, with the Fe or Co additions leading to modest increases in CTE relative to the trend curve
prediction for a simple binary Mo-21V alloy.
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Additional CTE samples of both the Mo-22V-3Co and Mo-22V-3Fe alloys were also
subjected to the 1625°C/3 hr. wet hydrogen sintering treatment; the results of those tests are
included in Table 13. It would appear, based on comparison with the weight gain results for the
two binary Mo-V alloys in Table 13, that the Co and Fe additions have little effect on the weight
gain behavior. In other words, one would expect straight binary Mo-21V alloy to have a
normalized weight gain of 5-6 x 10” gm/cm?® for the standard sintering treatment, which is
consistent with the range of data observed for the two ternary alloys. :

Microstructural examination of the Mo-22V-3Fe alloy subjected to the conditions of the
sintering process indicated that some of the weight gain attributable to oxidation of vanadium is
internal oxidation. Optical micrographs of a treated sample indicated the presence of a second
phase located near the grain boundaries. Such a second phase was not observed in the as-cast
condition and was analyzed using EMPA. Spot EMPA analysis indicated that the second phase is
slightly oxygen rich VO, with an average of five points yielding the following results: V 46.306 =
0.229 at.%, O 53.508 + 0.286, Fe 0.024 £ 0.022, and Mo 0.164 + 0.183. A similar second
phase indicative of internal oxidation was observed in the treated Mo-22V-3Co alloy. However,
the micrographs for this alloy indicated that the internal oxidation is somewhat more extensive than
for Mo-22V-3Fe.

On the basis of the behavior after exposure to the sintering conditions, and the relative cost
of Fe to Co, a decision was made to pursue powder production of the Mo-22V-3Fe alloy. Small
(100 gm) quantities of this material have been produced at the University of California, Irvine
using a mechanical alloying method. We are currently in the process of pressing this powder into
CTE samples; and once the CTE data is generated, we will begin evaluation of cermet sintering
using this powder. Efforts have also been initiated to make a bulk electrode of the Mo-22V-3Fe, to
produce coarse powders via the Plasma Rotating Electrode Process (PREP), followed by planetary
milling using WC media to obtain fine powders.
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Nb-Alumina Cermets

The near CTE match of Nb with AlpO3 makes it an ideal candidate to consider as a
substitute for Mo in cermet bodies. Additionally, the commercial experience with manufacturing
high pressure sodium vapor lamps suggests that Nb-Al>O3 cermets can be fabricated using
conventional processing equipment and methods. Sodium vapor lamps, which are used by the
millions in street lights, are made of a polycrystalline alumina lamp tube sealed to Nb electrodes.
These lamps operate for thousands of hours, cycling daily between room temperature and their
1300°C operating temperature. Nb is used because it is an electrically conducting refractory metal
that has a CTE similar to that of alumina. Coupled with the aforementioned properties, the fact that
Nb powder is readily available (commercially) makes it an ideal candidate to consider as a
replacement for Mo in an improved cermet body.

To demonstrate the feasibility of making Nb-AlyO3 cermets, to evaluate materials
compatibility, and to prepare prototype samples for property tests, 30 vol% Nb powder (Alfa, -325
mesh, 99.9% pure) was mixed with 70 vol% A16sg alumina powder (Alcoa, -325 mesh, 0.3-0.5
um crystallite size, 99.7% pure) and hot pressed at 1500°C with 5000 psi for 1 hr. Details of this
work can be found in Ref. 36. The favorable results of resistivity, strength, and CTE tests on the
Nb cermet are given in Table 14.

Table 14. Properties of Nb-Al:O; cermets.

Composition: 30 vol% Nb - 70 vol% high purity AL, O,.

Processing:  hot pressed at 5000 psi, 60 min., 1500°C

Density: fully dense

Resistivity:  less than 10? ohm-cm

Strength: 363 MPa avg. (52.7 ksi), 4 pt. bending, surfaces ground to 400 grit

CTE: 30 to 1000°C, 84.6 x 107/°C, no hysteresis; 94ND2 alumina is 81.8x107/°C

In contrast to hot pressing, conventional, pressureless sintering of Nb-94ND2 alumina at
1630°C for two hr in an atmosphere of 3% Hj in Ar produced densities <90% of the theoretical
density. (NOTE: however, no experiments were conducted with 94ND?2 fines, the standard
CND350 cermet firing process was not used, and insufficient work was completed to fully optimize
the processing of Nb-94ND2 cermets.) Under the same processing conditions, 94ND?2 sinters to a
density of 3.68 g/cm® (95% relative density). Slight improvements in Nb-94ND2 cermet density
were achieved by increasing firing times and temperatures, and significantly higher density was
achieved after attritor milling the precursors (i.e., reducing the particle size). Even higher Nb
cermet densities were routinely achieved with Alcoa A16 alumina as the ceramic precursor. Al6is
a high-purity alumina with a fine particle size of (.3 to 0.5 um (versus the 5-10 um average
particle size of 94ND2). The data suggest that the densification of the Nb-94ND?2 cermet may be
limited by the precursor particle size and that the reduction of the 94ND?2 pariicle size may be a key
to successful sintering of these materials.

To determine if undesirable interactions between the Nb and the glass phase in 94ND2
could be responsible for the poor sintering of Nb-94ND2 cermets, wetting experiments were
conducted at 1630°C in 3% Hj in Ar. The results indicated that Nb is compatible with and bonds
well to both the 94ND2 alumina and the CaO-MgO-ALQ,-Si0, glass (inorganic binder) phase
alone, indicating the glass phase is not a problem for processing. In fact, without the glass phase,
the Nb does not bond to alumina.
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Nb is a highly reactive metal, with thermogravimetric analysis experiments showing that it
oxidizes readily in air at ~400°C. Because 94ND2 alumina contains ~4 wt% organics that burn out
(i.e., pyrolyze) during firing, it is possible that the Nb could partially oxidize during firing, which
would inhibit sintering. Likewise, if the binder burnout step is carried out in a non-oxidizing
atmosphere, it is conceivable that niobium carbide could form, which also would inhibit sintering.
Because of Nb's reactivity, it is likely that the wet hydrogen firing process used to make CND50
cermets will not be suitable for processing Nb-94ND2 alumina cermets. As such, if Nbisto be
used as a replacement for Mo in cermiet bodies, the processing will have to be optimized
accordingly.

Alternative Cermet Processing

Warping during sintering has been attributed to differential shrinkage between the cermet
and ceramic phases (i.e., processing issues). Warping and the sintering shrinkage differences
arise due to the differences in relative densities between the cermet and alumina phases in the
subassembly. The cermet, which is formed using a slurry process, has a higher relative density
(~58%) than the dry-pressed alumina ceramic (~52%) after uniaxial pressing. Consequently, the
ceramic shrinks more than the cermet during sintering, distorting the shape of the subassembly.
The warping can be eliminated when the cermet and ceramic phases are formed to the same relative
density prior to sintering. This concept was demonstrated initially by Mike Readey using
bilaminate samples.

The concept of minimizing relative density differences in the green powder compact was
optimized using the measured compaction response (i.e., the density versus forming pressure
compaction curve) of the 94ND?2 powder. Alumina dry-pressing conditions were modified to
produce the same relative density as the slurry processed cermet. For the 94ND2-CNDS50 system,
warping was minimized by prepressing the alumina to 30,000 psi (versus the ~10,000 psi
currently used) prior to machining and back filling with the cermet slurry. The improvement was
accomplished without the traditional 30,000 psi isopressing step that follows the cermet slurry
filling step, reducing the total number of steps in the process.

Warping was also minimized by substituting AlSiMag 614 (96% alumina) for the 94ND?2.
The 96% alumina presses to ~58% relative density at ~10,000 psi during die pressing, which is
approximately the same density as the cermet body after slurry filling. Again, the key to
minimizing warping during sintering is to process the alumina and cermet powders in a manner that
produces the same relative density prior to sintering.
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7. Summary and Conclusions

Excessive thermal expansion mismatch stresses that led to cracking in some cermet-
containing neutron tube components can be reduced to acceptable levels using cermets with higher
coefficients of thermal expansion than the CND50 cermet. A higher coefficient of thermal
expansion can be produced using a lower volume percent Mo in the cermet; the lower the Mo
content the closer the match to the 94% alumina used in neutron tubes. As cermets with 20 vol%
Mo produced acceptable resistivity values, this composition was chosen for further evaluation as
an alternative to the 27 vol% Mo in CND50. Changes in the Mo content do not adversely affect the
other properties of the material such as its strength, toughness, hardness, or elastic moduli. These
properties generally follow the simple rule of mixtures model for composite properties.
Substituting a 20 vol% Mo cermet for the 27 vol% Mo CNDS50 cermet in the cermet section of the
target feedthru insulator produced a twenty percent reduction in the magnitude of the stress in the
region of the 94ND2 alumina with the highest tensile stress. This reduction in stress produced a
greater margin of safety between the residual stress and the actual strength of the material.

The coefficient of thermal expansion of the cermet can also be increased by using new Mo
alloys with additions of V and Fe. These alloys are being prepared as powders and will be
evaluated in mixtures with 94% alumina powder for their sinterability. Nb was also evaluated as a
substitute for Mo. Hot-pressed cermets made with Nb had good properties in terms of CTE,
resistivity, and strength, but its hydrogen compatibility was not as good as that of the Mo or the
new Mo alloy. Additionally, we were unable to sinter Nb-Al,O, cermets to densities greater than
90% of their theoretical density using the current processing parameters used for Mo-alumina
cermets. Further optimization of the sintering of this cermet is required.

Several issues are still to be resolved regarding the processing and properties of the current
cermet composition and those for cermets with the new Mo alloys. One is the identification of the
bonding mechanism between the Mo and alumina. A related question is how reactions between the
Mo and the alumina affect the electrical properties of the cermet. The issue of what happens at the
interface between the cermet and 94ND?2 during sintering and whether there is glass depletion at the
interface that might have a detrimental effect on one or both of the materials is unresolved. We are
currently examining why tensile braze buttons with the 20 vol% Mo cermets have a lower strength
than those with 27 vol% Mo. Processing related issues are the production of a Mo alloy powder
with the right particle size distribution, the compaction behavior of cermet powder mixtures with
the new Mo alloy, sinterability of these powders, and their sintering shrinkage relative to that of
94% alumina. Properties that will need to be measured for cermets produced with the new Mo
alloys are the electrical resistivity, brazeability, thermal expansion behavior, and mechanical
properties such as elastic modulus, strength, and toughness.
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8. Recommendations

Summarized in this section are recommendations relating to the improvement in the
processing, characterization, and modeling of the current cermet materials and recommendations
for work to be done to complete our understanding of these materials and the processes used to
fabricate them. There are also suggestions for new processing routes, such as gel-casting. There
are recommendations relating to alternative compositions; however, much of what should be done
next depends on the outcome of the LDRD work on new Mo alloys.

Cermet Composition and Processing Changes

During processing of alumina cermets, the alumina should be pressed to a higher density to
match the density of the slurry processed cermet. Another strategy suggested by Gary Pressly’s
work would be to increase the glass content of the cermet, as higher glass content cermets exhibit a
greater degree of shrinkage, and this will bring the cermet closer to the alumina.. Both of these
changes will minimize the shrinkage differences that lead to warping. If a change in alumina
composition is already being made because 94ND2 alumina will no longer be available, a change to
96% alumina should be considered as preliminary results show it exhibits a better CTE match to
the cermet.

If the stresses due to CTE mismatch are too large for some configurations and continue to
produce cracking, even lower Mo content cermets should be considered where resistivity is not a
requirement. In applications where electrical conductivity is required, an investigation of
processing modifications that lead to a lower percolation threshold should be considered. Changes
to a larger alumina particle size, a smaller Mo particle size, or a change in the shape of the Mo to
something that is fiber or whisker-like are all likely to lead to a lower percolation threshold.

For improved reliability and reproducibility, one may consider assessing the feasibility of
gel casting cermet components. Gel casting is a near net shape process that could provide
manufacturing flexibility for future design of neutron tube components. Direct fabrication
techniques may aiso provide the geometry and compositional flexibility that may be required to
make the cermets for the Reduced Pieceparts and Processing (RP?) neutron tube. To minimize
stress mismatches, especially in newly proposed large features, 20 vol% Mo cermets are
inadequate. Thus new conductive refractory metals with a CTE match to the alumina need to be
identified or developed.

Characterization

There are several tests that remain to be done including measuring the strength of 20 vol%
Mo cermets, measuring the cermet-alumina interfacial strength, and examining the interface
between the alumina and cermet for glass depletion. Another important measurement that provides
the necessary information for reliability and lifetime predictions for Mo-alumina cennets is the rate
of subcritical crack growth. Most of the properties that were described in Section 4 wili need to be
measured for the new Mo alloy cermets. The most important are the CTC, the sintering shrinkage,
the elastic modulus, the strength, and the elecirical resistivity.

Alternative Compositions and Processing

Further optimization of processing and sintering of Nb cermets should be conducted, as
well as testing for compatibility with existing processes and materials. Any higher expansion
cermet, whether it be made with a new alloy or Nb, will need to evaluated for its processing under
existing process conditions and tested for hydrogen compatibility and brazing.
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Research and Development

The conduction mechanism of the cermet material and what role the glass plays are still
unknown. The glass has a high silica content and is normally assumed to be an insulator.

The development of empirical process models [e.g., fired bulk density = £(T, t, atm,
composition, green density), CTE = (T, t, atm, composition, green density), etc.] will provide an
important tool to allow further compositional and processing flexibility. The development of
sound physics-based process models for the same properties will allow even greater flexibility.

Directions for Model Iimprovement

One area for model improvement would be further testing and validation of the FEA
predictions. Our present measurements, although consistent with the predictions, have a lot of
scatter and require preparation of special samples. The ultimate model validation would be to make
a series of parts that have previously shown a significant incidence of cracking using the new alloy
or(a lower vol% Mo cermet. A comparison of the number of cracked parts would provide a direct
measurement of the improvement due to the minimization of the residual stresses. The feedthru
insulator for the MC4277 is one candidate for such a test.

Cermet Design Methodology
Incorporate the FEA models developed in this program into the design methodology.
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APPENDIX A - Acronyms

BCC = Body Centered Cubic

CND30 = 50 wt% Mo, 50 wt% alumina cermet

CTC = Coefficient of Thermal Contraction

CTE = Coefficient of Thermal Expansion (also known as TCE)
DGME = Diethlyene Glycol Monobutyl Ether

EDAX = Energy Dispersive Analysis by X-ray

EDM = Electron Discharge Machining

EMPA = Electron Microprobe Analysis

FEA = Finite Element Analysis

GENDD = General Electric Neutron Devices Department
LCAC = Low Carbon Arc Cast

LDRD = Laboratory Directed Research and Development
LMSC =Lockheed Martin Specialty Components

MC = Major Component

MC4277 = neutron tube component

OP = Operating Procedures

PP = Pinellas Plant, Largo, FL (operated by GENDD and LMSC)
PDF = Powder Diffraction File

PREP = Plasma Rotating Electrode Process PREP

RP?= Reduced Pieceparts and Processing

SEM == Scanning Electron Microscope

SS = drawing prefix that indicates a Special use Specification
TCE = Thermal Coefficient of Expansion (also known as CTE)
VAR = Vacuum Arc Remelt

WR = War Reserve

XRD = X-ray Diffraction

94ND2 = 94% alumina from GENDD/LMSC
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APPENDIX B - Selected Information from Gary
Pressly’s M.S. Thesis
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Molybdenum-Alumina (Mo-Al;O;) cermets are metal-ceramic composites that are
fabricated by powder processing. Mo-Al,O; cermets have thermal expansion characteristics
similar to solid alumina ceramics; this allows the two materials to be herﬁetically’ joined by
co-firing. A unique characteristic of Mo-Al,O; cermets is that they have the ability to behave
as electrical conductors or as insulators simply by varying the molybdenum percentage. An
electrically conductive cermet with 50% alumina and 50% mblybdenum by weight has been
developed for electrical feedthrough in ceramics. The feedthroughs are created by placing
cermet powders into vias of ceramic powder compacts and then sintering. The cermet
material is exposed on each end of the feedthrough which allows the electrical leads to be
brazed directly to the material resulting in significant cost savings over other techniques.
These cost savings, along with other factors, have prompted new applications for Mo-Al03
cermets. Many of these applications require large complex éeometries which have resulted in
cracking problems during fabrication. Because of these problems the need to fully
characterize Mo-Al,O; has surfaced. This endeavor records electrical, mechanical, thermal

and microstructural characteristics of Mo-Al>O; cermet material over a compositional range
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of 30% to 70% molybdenum by wéight. The investigation focuses on the 50% molybdenum
by weight composition and documents how its properties evolve during the fabrication
process and how the glass composition affects properties.

It is shown that as the soak time at sintering temperature increases, the shrinkage and
density increases. As the percentage of molybdenum increases, the density and thermal
expansion behave as expected by the simple rule of mixtures. The conductivity is shown to
decrease with decreasing molybdenum percentage until a percolation threshold of 16% by
volume is reached at which time high resitivities are encountered. Secondary and primary
spray dried powders yield similar properties as long as the ball milling process breaks up and
disassociates the granules. The material exhibits R-curve behavior controlled by the bridging
of molybdenum particles. Shrinkage and densification are controlled by the percentage of
glass in the alumina constituent. The thermal expansion and contraction are controlled by the
molybdenum percentage.

In order to create stress free components, thermal properties must be equivalent for
the Mo-Al,O; cermet features and the surrounding ceramic material. Adjusting the
molybdenum percentage closer to percolation threshold will result in thermal expansions that
are closer to the bulk ceramic without sacrificing conductivity. Compensating for the
decrease in glass composition will increase the shrinkage factor to match that of the bulk
ceramic. The small increase in glass percentage required will not adversely affect the thermal
expansio;l significantly. Therefore, by increasing the glass percentage of the cermet to a least
| 8% tﬁe shrinkage difference can be minimized. Also, by decreasing the molybdenu@

percentage to 18% the stress due to thermal expansion can be decreased by 15%.
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CHAPTER 1
INTRODUCTION

Molybdenum-Alumina (Mo-Al,0s) cermets are a group of metal-ceramic composites
that have the distinction of containing molybdenum particles dispersed in alumina matrices.
These cermets are fabricated from molybdenum and alumina powders that are blended, pressed
and sintered to form composite materials that have thermal expansion characteristics similar to
solid alumina ceramics. Since the thermal properties and the powder processing techniques of
Mo-Al,O; cermets are similar to that of alumina ceramics, these two materials can be joined by
co-firing to produce components that have hermetic interfaces between the cermet and ceramic
materials. A unique characteristic of Mo-Al,O; cermets is that they have the ability to behave as ]

|

electrical conductors or as insulators simply by varying the molybdenum percentage. |

An electrically conductive Mo-Al,O; cermet was developed in the 1970s by General
Electric Neutron Devices Department in Largo, Florida (currently operated by Lockheed
Marietta Specialty Components, Incorporated). The scope of this investigation focuses on this
particular Mo-AL,O; cermet material, therefore, further background is required. The ﬁaterial was
given the designation of CND50 in which the “C” stands for cermet, the “ND” for Neutron
Devices, and the “50” for the weight percent molybdenum. The alumina constituent in CND50

has the designation of 94ND2 which consists of polycrystalline aluminum oxide (Al,O3) grains

B

joined by a glassy phase. The “94” stands for the actual weight percent of aluminum oxide
(A1O3) and the “2” signifies the particular glass composition.

CND30 has historically been used in applications where hermetic electrical feedthroughs

in ceramic components is required. The flow chart shown in Figure 1 - 1 outlines the sequences
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typically used to fabricate CND50 cermet feedthroughs. The 94ND2 and molybdenum powders
are first dry blended and then a vehicle is added to form a slurry. With a vacuum assist, the slurry
is loaded into a through hole, or via, of an unfired alumina compact. This compact is also made
from 94ND2 powder in order to maintain compatibility and to lower the complexity of the
system. After the loaded compact is dried, isopressed and sintered, the CND50 material forms a
conductive path through the insulative alumina. The component with its cermet feature is then
ground to final dimensions. The exposed surfaces of the CND350 are often conventionally
metallized and brazed to leads in order to form electrical connections. Electrical feedthroughs
with this cermet design are generally considered to be less labor intensive and more reliable than
the alternative method of metalizing and brazing metal pins into through holes. For a detailed
description of this cermet slurry process see Appendix A.

The 94ND2 powder that is used to blend with the molybdenum is a spray dried powder
consisting of aluminum oxide (Al,O5), magnesium hydroxide (Mg(OH) »), calcium carbonate
(CaCO0s), silica (Si0,), and a host of other organic binders. Upon sintering, the binders are
volatilized whiie the hyvdroxide and carbonate are calcined. The calcined components then react
with the silica to form a glassy phase. This glassy phase plays .an important role in aiding
sintering by wetting and bonding to the molybdenum and Al,O; grains. Table 1 - 1 lists the
weight and volume compositions of 94ND2 and CNDS50 at both the blended powder and sintered
stages of processing. These values are theoretically calculated from initial powder quantities and
assume a 4.24% weight loss during sintering as a resuit of volatilization and calcination. Table
1 -2 and Table 1 - 3 tabulate the qualification data collected for each lot of 94ND2 and CND50,

respectively. The historical data listed in Table 1 - 3 is the only characterization recorded for

CND30 during its fabrication.




In addition to being electrically conductive and thermally compatible with alumina
ceramics, Mo-Al,O; cermets have other unique characteristics. Cermet materials have metallic
constituents that lend themselves to be more easily and directly joined to metals and as
conductors can also be used to shape electrical fields. New applications are currently being
explored to fake advantage of these characteristics. In some applications, cermet materials are
being inlayed (or onlayed) in ceramics to produce intricate and uniform surfaces that are
subsequently hermetically joined to metal components. Cermet to metal joints can be produced
by either nickel plating and then brazing or directly brazing to inlays, thus, eliminating the need

Table 1 - 1: Weight and volume percentages for 94ND2 alumina and CND50 cermet in
powder and sintered forms.

Density' Weight  Weight Volume  volume
Designation Compound Name Compound Formula (g/em’) (kg) Percent  (cm’) Percent
94ND2 Spray Dry Powder
Alumina AlO; 3.99 33499 90.02% 8403 80.35%
Magnesium Hyvdroxide Mg(OH), 2.37 0.581 1.56% 245 2.35%
Calcium Carbonate CaCO, 2.71 0.238 0.64% 88 0.84%
Silica Si0, 2.20 1.603 431% 728 6.96%
Dispersing Agent binder 1.3 0.2135 0.58% 165 1.58%
Hydroxpropyl Cellulose binder 13 0.539 1.45% 415 3.96%
Methvceliulose binder 1.3 0.539 1.45% 215 3.96%
Total: 3.56 37.214 100.00% 10458 100.00%
94ND2 Sintered Ceramic
Alumina AlLO; 3.99 33.499  94.00% 8403 90.53%
Glass Phase MgO+Ca0+Si0, 243 2,138 6.00% 879 9.47%
Total; 3.84 35.637 100.00% 9282 100.00%
94ND2 Glass Phase
Magnesia Mg0 3.58 0.402 18.78% 112 12.74%
Calcium Oxide Ca0 335 0.133 6.24% 40 4.53%
Silica Si0, 2.20 1603 7498% 728 82.73%
Total: 2.43 2.138 100.00% 879 100.00%
CNDSO Ball Mill Powder
binder binder 1.3 0.02 1.74% 13.36 7.05%
94ND2 Spray Dry Powder ALO;+Mg(OH,)+CaC0,+Si0. 3.8C 0483 48.26% 127.15 67.12%
Molybdenum Mo 10.22 0.500 50.00% 48.92 25.83%
Total: 5.28 1.000 100.00% 189.434 100.00%
CNDSO Sintered CNDSO
94ND2 Alumina Al,O;+Mg0O+Ca0+Si0, 3.84 0.479 48.92% 124.71 71.82%
Molybdenum Mo 10.22 0.500 51.08% 48.92 28.18%
Toual: 5.64 0579 100.00% 173.64 100.00%

Note: Densities for compounds are from CRC Handbook.! Binder densities are nominal values
for organic materials.
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Table 1-3:  Historical data for CND50 cermet lot qualification at Lockheed Martin Specialty

Components, Largo, FL.
Specific Volume
Dete | Bach | Gravity Resistivity
H, Fire
mavddyy # glam’ cim-cm
121991 106 5.540 330E-04
1210 952 5.5%0 3.00E-04
12720/89 | 901 5520 330E-04
130088 | 801 5.540 3.50E-04
01/21/88 701 5.600 320E-04 )
123086 | 603 5.560 3.10E-04
ov1ie4 | 401 5.580 3.30E-04
1105781 101 5.530 272604
Average: 5.558 318604
Sd. Dev.: 0.030 23805

for conventional metalizing processes. The volumes and geometries of these inlays are quite
different from the typical feedthrough and require a greater understanding of the material
properties and their effects on processing parameters. Other applications are employing
monolithic cermets to aid in electrical field suppression within high voltage vacuum tubes.
Because it is impractical to produce ’monolithic components from the slurry process used for
electrical feedthroughs, dry powder process techniques are being developed. In monolithic
components, the cermet material is serving as a structural member, however, little is known
about the material’s mechanical properties. The lack Qf characterization has created many design
challenges, which have resulted in trial and error design tactics.

Applying CND50 to these new applications has resulted in significant processing
difficulties. In some cases gaping cracks are discovered after sintering near the interface between
the CND50 and 94ND2. It is theorized that these cracks are produced from the difference in
sinter shrinkage of CND350 and 94ND2 materials, either not at the same rate or not to the same

extent. In addition to these gaping cracks: fine hairline fractures are being disclosed during




subsequent grinding processes. Typically, these fractures radiate from the interface into the
alumina. Two possible theories exist for these finer cracks; 1) internal cracks are created by
stresses during the cool down from the sinter temperature or 2) cracks are formed when residual
stresses are released during material removal by grinding. In both cases, stresses due to the
thermal expansion (or contraction) mismatch between CND350 and 94ND2 is thought to be the
driving mechanism. Even though the thermal expansion of cermet and alumina are similar, they
are not exactly the same. For cermet features with certain geometries, sizes or locations, this
difference may produce stresses large enough to cause cracking in the alumina adjacent to the
interface upon cooling from the sinter temperature. This thermal expansion mismatch also makes
the junction with alumina susceptible to thermal cyclic failures. Both of these cracking
mechanisms are exaggerated when the cermet features become large and more complex such as
the features found in the new applications. |
The objectives of this endeavor are to 1) mechanically, thermally, electrically, and
microstructurally characterize CND50 cermet material, 2) document processing techniques and
study the evolution of material properties during sintering, 3) evaluate the effect of
compositional variations of Mo-Al,O; cermets on material properties, and 4) relate material

properties and processing techniques to the cracking phenomena.




CHAPTER 6
CONCLUSIONS
From the experimental results and discussion the following conclusions about the
properties of Mo-Al,O; cermets can be derived;

1) Secondary and primary spray dried powders yield similar properties as long as the ball
milling process is sufficient to disassociate the spray dried spherical granules.

2) The materials strength dependence on flaw size exhibits R-curve behavior which is a result
of the crack bridging effects by the molybdenum particles.

3) Shrinkage and densification are controlled by the soak time and percentage of giass.

4) The thermal expansion and contraction properties are controlled mainly by the percentage
of molybdenum.

5) The electrical resistivity behaves as the percolation theory predicts and the critical volume
fraction is approximately 16% molybdenum.

6) The hairline cracks associated with cermet features are caused by residual stresses due to a
mismatch in the coefficient of thermal contractions between the CND50 cermet material
and the surrounding bulk alumina material.

7) The gapping cracks in cermet features ar‘e caused by a difference in shrinkage between the
CND50 cermet material and the surrounding bulk alumina material during the sinter fire
process.

In order to create stress free components with cermet features, thermal properties must
be equivalent for the Mo-Al,O; cermet features and the surrounding alumina material. Adjusting

the molybdenum percentage closer to the percolation threshold will result in a thermal expansion

107




108

the molybdenum percentageTlosertothe-percolationthreshold will result in a thermal expansion
closer to the bulk alumina without sacrificing conductivity. At 18% molybdenum the resulting
change in thermal expansion is approximately 0.2x10-6 in/in/°C which equates to approximately
a 15% decrease in the thermal mismatch between alumina and cermet. This decrease should
correspond directly to a decrease in residual stress created during cooling from the sinter
temperature. Further work is needed to determine how close the composition can be to the
threshold by analyzing the effects of molybdenum particle morphology and process variations.
The magnitude of this decrease in stress induced by lowering the molybdenum percentage may
be large enough to eliminate the brittle cracks encountered during fabrication.

Compensating for the decrease in glass composition will increase the shrinkage factor
for Mo-AlL,O; cermets. Increasing the shrinkage factor will better match the alumina. The small
increase in glass percentage required will not adversely affect the thermal expansion
significantly, i.e., less than 5% of the total mismatch. Matching the shrinkage will help in
predicting final sinter dimension that will result in reduced development efforts required for new
component designs. Having more glass present may also increase the material’s ability to relax
or relieve stresses at elevated termperatures due to changes in the glass transition temperature. It
may also reduce the amount of backing material required during fabrication which results in a
reduction in the amount of grinding required after sintering.

All of these benefits described above~ relate to cost savings in the fabrication of
components containing cermet features. Therefore, it is recommended that the percentage of
molybdenum be decreased to 18% by volume and the percent glass be increased to at least 8%
by volume. These compositional changes should completely eliminate the shrinkage differences
that promote the gapping crack phenomenon and reduce residual stresses due to thermal

expansion mismatches which promotes the hairline cracking phenomenon.
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APPENDIX D - List of Memos

Date _ Sent to Sent from  Subject
01/28/95 Dustribution S. Glass, 1845; Cracking of Cermet Components
R. Moore, 2476
02/22/95 Distribution S. Glass, 1845; Characterization of Cermet Materials for
R. Moore, 2476  Residual Stress Modeling and Developing
. Processing Guidelines
03/02/95 R. H. Moore, 2476  J. J. Stephens, Thermal Expansion of Candidate Mo-Cr and
and J. P. Brainard, 1832 Mo-V Alloys for Use in 94ND2 Cermet
2569 . Fabrication
04/07/95 Distribution K. Moore, 2476;  Meeting Minutes of the MC4277 Sub-PRT for
S. Glass, 1845 Cermet Cracking and Fabrication Issues
04/27/95 Distribution K. Moore, 2476;  April 13, 1995 Meeting Minutes of the MC4277
S. Glass, 1845 Sub-PRT for Cermet Cracking and Fabrication
Issues
05/17/95 Distribution R. Moore, 2476 May 10, 1995, Meeting Minutes of the MC4277
Sub-PRT for Cermet Cracking and Fabrication
Issues
06/06/95 Distribution R. Moore, 2476 May 24, 1995, Meeting Minutes of the MC4277
Sub-PRT for Cermet Cracking and Fabrication
Issues
06/12/95 Distribution R. Moore, 2476 June 9, 1995, Meeting Minutes of the MC4277
Sub-PRT for Cermet Cracking and Fabrication
_ Issues
06/30/95 Distribution R. Moore, 2476 June 23, 1995, Meeting Minutes of the MC4277
Sub-PRT for Cermet Cracking and Fabrication
Issues
07/14/95 Distribution R. Moore, 2476 July 11, 1995, Meeting Minutes of the MC4277
Sub-PRT for Cermet Cracking and Fabrication
Issues
08/11/95 Distribution R. Moore, 2476 July 20 and 27, 1995, Meeting Minutes of the
MC4277 Sub-PRT for Cermet Cracking and
Fabrication Issues
08/22/95 Distribution R. Moore, 2476 August 21, 1995, Meeting Minutes of the
MC4277 Sub-PRT for Cermet Cracking and
Fabricaticn Issues
08/28/95 K. Mahin, 1807 R. Moore, 2476;  Info and Project Plan for FY96 Smart Cermet
S. Glass, 1845; Program
K. Ewsuk, 1841
09/11/95 R. Moore, 2476 E. Beauchamp, Analysis of Cermet Ring Failure
1845
09/15/95 K. Mabhin, 1807 R. Moore, 2476  Revised Project Plan for Smart Cermet Program
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Z8

*‘S3OUNIdD Passadoxd-Axangs 10J jaeyo-moy) Suissesoad ‘g '‘Siq

sied «

ues|n
Ajsuap
sainjeay feuy pessoud ainsesiy
pub 0330 F
puoweic] _
a1y
ydIH
7 )
Buiddiys auyoew
1o} aredeig _ anbsig
sued
ai
_ anbsig
abexoed y syjue|q
feusauy o0 uuo4
sfieyuuys $
—— ysiigels3 )
] _.llll — 0
Lm\mwwy “ w_m_u»\soa i
|euoisuawiq pusajq Aig
[_|.|II.| — (8) euiwn)y
de d
idoqg wmw:w.w..u:m.mxx mm_m_v_“cwm_‘ (9g) 3deq leauibug (8¢) 3deq (zg)deg
Buiddiys Ayend pieH 8deuing yo0f0ad Buuyoew Buissoid

S$S990.d Burinjoejnuep }j9wia) pIjos




ejep
g sued

£8

*$30ULI00 PIssa00ad-AIp X0J jaeyo-mopf SUlsseo0r ‘p "SI

~

Res-x
_ | _ %ﬁx
[~ Sued 0] MO
] L
Aisusp
uodnoo
ainsesiy
uodnos _
[ ssoupm suiyoew
uaaib
feuld
4
[
Aes-x  le ssaud-os|
Buiddiys »
10} 1 Inoa
aledald fpg koW
letmm.|._ SeIA fit4
suyoBW (8) Uiy
abeyoed » c.mmhm
|leusaju| 1 veero e
£ siopey ﬂ
ﬁ abexuuyg
WMMM_M:.W suojsuawiip usiqeIsy
mco_mp._mE_u fBuy puLb R
: : uowiej us
Ko puowed oud | oot wed L @) euwny
| _H. , ojdwes ssaid
(88) 1daq do
1deg aoueINSSY M—w_mw_w_osw‘ (9g) 3daq leaujbuz (8¢) 1deq (z9) 1deg
buiddiug I Pt ajeuand f Bujuyoep Bujssal
1 nEenp pieH j09foad I d

$S920.d Buninjoejnuep j9wid) eulwn|y



Contraction Data

0.010
baseline materiais
0.008 - /’D“
R /-:/
0.006 -] /
¢ -
g ?/
0.004 P
o
:/— —b~C y 1.27M
| /_/' —a— LCAC.Mo
0.000 __,——/*/%“/T : T v . T 1 e
0 200 400 800 800 1000
Temperature (C)

1
1200

Fig. 5. Contraction strain (delta L/L) versus temperature for baseline materials (27 vol% Mo

cermet 94ND2 alumina, and LCAC Mo).
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Fig. 6. Contraction strain (delta L/L) versus temperature for lower vol% Mo

cermets.
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Fig. 7. Contraction strain (delta L/L) versus temperature for Mo and Mo-V alloys.
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Fig. 8. Contraction strain (delta L/L) versus temperature for as-cast and heat-treated
ternary alloys.
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Polynomial fit for CND50 cermet.

E(GPa)=-5.17D-15T"+1.89E-11T°-2.62E-8T*+1.67E-5T-4.48E-3T+2.57E-1T+2.06E2

Polynomial fit for 20 vol% Mo cermet.
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Fig. 9. Young’s modulus as a function of temperature between 23 and 1100°C for CND50
cermet (slurry-processed), 20 vol% Mo cermet, and 94ND2 alumina (lot 9408).
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Fig. 10. The Young’s modulus as a function of the vol% Mo in the cermet. The range of
typical Young’s modulus values for the Mo and 94ND2 alumina end members are also
shown.
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Fig. 13. An example of a tensile surface failure for a CND50 cermet bend specimen.

Fig. 14. An optical micrograph of a Vickers indentation in a polished cermet sample.
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Fig. 15. Vickers hardness as a function of Mo content, sintering time, and glass content
for Mo-alumina cermets.
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Fig. 16. Acoustic microscopy micrograph of a Vickers hardness indentation in CND50
cermet. The visibility of the cracks in this micrograph compared to Fig. 14 shows that
this technique is a much more effective method for identifying the crack length.
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Fig. 17. The indented strength as a function of the indentation load for dry-processed 27

vol% Mo cermet.




(2)

(b)

Fig. 18. SEM micrographs of un-etched, dry-processed cermets (a) 14 vol% and (b) 27
vol% Mo.
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Fig. 19. SEM micrograph of un-etched, slurry-processed 27 voi% Mo cermet.
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(a)

(b)

Fig. 20. SEM micrographs of a fracture surface of a dry-processed 27 vol% Mo cermet a)
Secondary electron image b) Backscattered electron image.
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(b)

Fig. 21. SEM micrographs taken of the same location on a fracture surface at
accelerating voltages of a) 10 and b) 30 KeV.
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Fig. 22. Typical EDAX (Energy dispersive analysis by X-ray) spectra for a cermet
fracture surface for electron beam accelerating voltages of a) 10 and b) 30 keV.
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Fig. 23. A high magnification SEM micrograph showing the glass phase on alumina
grains.

(2) (b)

Fig. 24. Cermet material from a) region close to the cermet/alumina interface b) bulk.
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Fig. 25. Shrinkage behavior at the beginning of sintering process.
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Fig. 27. Expanded vertical scale of electrical resistivity vs. Mo content for 27% Mo
samples processed with different sintering times and different glass contents.
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Fig.29. Maximum principal stress distributicn in the various cermet components with
CND50 (27 vol% Mo). Maximum stress denoted by (¥).
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Fig. 31. Schematic of end face of sample with OD of 0.2 inch. Crosses show arrangement
of indents.
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Fig. 32. Hoop stress (avg) in 20D3L2 sample (OD=0.2 inch, L=0.5 inch).
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Fig. 33. Horizontal bar chart comparing the tensile button test results for samples
brazed with Nioro ABA alloy in dry hydrogen using Process III (1015°C, 1 min. ) as
described in Ref. 31. For each group of samples, the minimum, maximum and average
fracture strength are shown. Three brazed buttons were run for the 94ND2 material;
while all other sample conditions had a minimum of five buttons. All of the samples
shown exhibited no detectable leak rate, with a minimum leak rate detection of 1 x 10-®°

atm-cc/s.
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Fig. 34. Dilatation data for LCAC-Mo and the various Mo-V alloys studied. The data
shown were collected during the on-heating portion of the run, over the temperature
range 20-1000°C. The individual data sets were fit to a polynomial fit and adjusted with
a constant to impose dL/L = 0 at 20°C.
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Fig. 35. Effect of Vanadium addition to Mo on the average CTE, for on-heating data. In
addition to the binary Mo-V alloys, data are included for 5 different lots of the 94%
alumina ceramic (1 standard deviation shown), and the 4 ternary alloys discussed in
this paper.

108




9.5 [t T T T T

All data: 20-800°C interval

8.5 Expansion Data

(this study)

7.5

T NETTE R

Pridantseva and
Solov'yeva

IV T Iy T[T AT TP AT T v ToTrT
i

Avg. CTE (10%°C)

Contraction Data
(this study)

A\

sl

PSS UV SN SN SN NS S NN O AE S ST S SIS TS T

20 40 60

(3]
3]
o RLLLAE!

Weight Percent Vanadium

Fig. 36. Comparison of CTE data for Mo-V alloys studied by Pridantseva and Solov'eva
(Ref. 34) with the data generated in this study. Note that all of the CTE data shown in
this graph are for the temperature interval 20-800°C.
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Fig. 37. Comparison of dilatation data for LCAC Mo, M0-21V-2.4Co, Mo0-21.5V-2.4Fe and
94% alumina ceramic materials. On-heating data, dL/L has been set to 0 at 20°C.
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