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SUMMARY

This Final Report, incorporating the third Annual Report, for the University Research
Initiative program at Carnegie Melion University, including subcontracted research efforts at
Clemson University and at the University of California (UC), Berkeley, contains technical
summaries for each of six task areas. These are listed below by Task title and Task
Investigator(s). The individual sections in the body of the report follow in this same order, and are
grouped into three major parts, Processing (Tasks 1 and 2), Characterization (Task 3), and
Properties and Performance (Tasks 4, 5 and 6). Task 2 was conducted at Clemson and Task 4 at
UC Berkeley.

Task 1, Processing of Composites. H. Henein, H.R. Piehler

Task 2, High Temperature Behavior of Structural Composites. H.J. Rack
Task 3, Structure and Composition of Interfaces in Composites. J.M. Howe
Task 4, Toughness and Fatigue of Metal Matrix Composites. R.O. Ritchie
Task S, Creep of High Temperature Composite Matrices. A.W. Thompson
Task 6. Fracture and History Effects in Composites. W.M. Garrison

The Processing part of the report comprises three reports. The first of these, by Henein
and his co-investigators, addresses several issues in powder blending as a processing step for
metal matrix composites. Emphasis in Henein's project was placed on fundamental understanding
of the mechanisms of blending, with account being taken of powder characteristics and operating
and design variables, toward a goal of using physical models to identify scale-up criteria in
blending. Results were concentrated on spherical particle experiments, with successful definition
and measurement of a segregation behavior diagram for binary mixtures. The second report,
completing the summary for Task 1, is by Piehler and co-authors, on the subject of consolidation
processing, as a natural complement to the first part of Task 1. The primary accomplishment has
been achieving operational status for and preliminary results from the hot triaxial compaction
apparatus, which can apply shear in addition to hydrostatic stresses. This equipment has
impressive capabilities and has been described as unique in the United States. Among the early
efforts was to test Ashby's hot isostatic pressing diagrams, and to extend them to the conditions of
superimposed shear. Completing the Processing part is the Task 2 report, from H.J. Rack.
addressing several topics related to consolidation and performance of metal matrix composites. A
sub-task on interfacial modification for fiber reinforcements in metal matrix composites has vielded
several important results, particularly for carbon fibers. Two other sub-tasks have addressed
composite performance, one in titanium aluminides and the other in model systems, Inconel 718
reinforced with TiC particulates as well as Mg-6 Zn reinforced with SiC particles.

The Characterization part of the rcport, from J.M. Howe, had two objectives. The first
was a study of residual strains in a model composite system, a SiC-whisker reinforced aluminum
alloy. This work has been finished, and submitted for publication. The second objective was to
continue work on the structure and the deformation behavior of interfaces in alloys based on TiAl
and Ti;Al. Both the structure and the deformation response of ay/y interfaces have been studied.
and interesting results have been obtained for both ordered and disordered hcp/bec interfaces. Of
particular interest was the study of artifacts introduced as a function of crystal and beam 1ilt in
simulated high-resolution TEM images, since avoidance of such artifacts is essential for reliable
understanding of HRTEM images.




The Properties and Performance part of the report contains reports from three tasks. The
first, from R.O. Ritchie, addresses micromechanisms of critical and sub-critical crack advance in
composites. Work was been carried out in model composite systems with particulate
reinforcement. At low fatigue crack growth rates, it was found that crack hindrance or trapping
and roughness-induced crack closure occurred, resulting in lower growth rates than in
unreinforced materials. At intermediate growth rates, the composite also showed improved crack
growth resistance, now due to crack tip bridging, a behavior which was successfully modeled.
The second report in this part, directed by A.W. Thompson, has the topic of creep and deformation
of aluminide materials. Fairly complete reports on creep in the two TisAl-based alloys, Ti-24 Al-
11 Nb and Ti-25 Al-10 Nb-3 V-1 Mo, are included. It was found that microstructure of both
alloys strongly influenced creep behavior, and that mechanistic evidence indicated dislocation-
controlled creep, with an activation energy consistent with literature values. Both alloys,
particularly Ti-25-10-3-1, were more creep resistant than near-alpha titanium alloys recently
developed for creep performance. The third report in this part , by Garrison and Symons,
discusses work on fracture and history effects. The work on history effects was on titanium
aluminide ternary alloys including Ti-24 Al-11Nb. Mechanical properties and thermal stability of
the microstructures obtainable in these alloys have been studied to provide guidance for additional
work. A second study was conducted on a model system with SiC particulate reinforcement of an
aluminum alloy matrix, examining details of the ductile fracture behavior of this material.
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PROCESSING
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PROCESSING

The processing portion of the URI program on High-temperature Metal Matrix Composites
has been accomplished in the form of two tasks. The first task was conducted at Carnegie Mellon
University and had two parts, each with its own Investigator. The first part, under H. Henein,
addressed powder blending, particularly as it affects consolidation issues. The second part was
directed by H.R. Piehler and was concerned with deformation processing of composites, both for
fiber and particulate reinforcements. The second task in the processing portion of the program was
being carried out at Clemson University under the direction of H.J. Rack. Under a general task
title of "Modeling of Consolidation and Deformation Processing of Composites”, this task
addressed several interrelated topics, as described on p. 63. These include modification of the
interface of composite reinforcements for improved performance; a study of a series of Ti-Al-Nb-V
and Ti-Al-V aluminide alloys for high-temperature properties; and the first part of a study of creep
in a model composite, Inconel 718 reinforced with particulate TiC.

Page
Task 1: "Blending of P/M Metal Matrix Composite Systems",
J.O.G. Parent, J. Iyengar, J.H. Bytnar and H. Henein 7
"Deformation Processing of Composites”,
H.R. Piehler, D.M. Watkins, M. Kuhni and J. Richter 53

Task 2: "High Temperature Structural Materials”,
H.J. Rack, H.G. Spencer, P. Chaudhury, J.P. Clement, M. Long,
E. Wachtel, K.T. Wu and J. Wung 63




BLANK




TASK 1

Blending of P/M Metal-Matrix Composite Systems

Final Report




Part 1

This report is composed of thre. rarts. The first outlines the structure of the report and provides
information on personnel and pr luctivity during the course of the URI-AFOSR contract. Part 11
provides an in-depth review of the current state of the blending science as it applies to metal-matrix
composites systems. The modelling studies undertaken in this task are described in Part 111, along
with the experimental facilities developed.

Personnel;
J. Bytnar: Graduate Student, M. Eng. Candidate, February 1989 - September 1989.
J. Iyengar: Research Engineer (100%), January 1988 - January 1989.
M. Khuni: Research Engineer (25%), October 1986 - September 1989.
J.0.G. Parent: Graduate Student, PhD Candidate Oct 1986 - August 1989.
H. Henein: Principal Investigator of Blending Task.
r ivi
Papers -
J.O.G. Parent, J. lyengar and H. Henein: "Powder Blending in Metal Matrix Composites
Systems,” Advances in Powder Metallurgy, T.G. Gasbarre and W.F. Jandeska, Eds.,
MPIF/APMI, New Jersey, 1989, v. 1, pp 25-37.

J.O.G. Parent, J. Iyengar and H. Henein: "A Review of Powder Blending in Metal Matrix
Composites Systems,” manuscript in preparation.

J. Bytnar, J.0.G. Parent, J. Iyengar and H. Henein: "Mapping Macro-Segragation Patterns for the
Blending of Metal Matrix Composites,” manuscript in preparation.

Presentations -
J.0.G. Parent, J. Iyengar and H. Henein: "Powder Blending in Metal Matrix Composites
Systems,"” APMI Annual Meeting, San Diego, June 1989.

J.O.G. Parent, J. Iyengar and H. Henecin: "Powder Blending in Metal-Matrix Composite
Systems,” TMS Annual Meeting, Las Vegas, February 1989.

H. Henein: "URI: Metal-Matrix Composites Program at C-MU", SOHIO Advanced Materials,
Niagara Falls, NY, October 1986.




Part 11

A Review of the State-of-the-Art in Powder Blending for Metal-Matrix Composite
Svstems

J.0.G. Parent, J. Ivengar and H. Henein

Abstract

In the manufacture of metal-matrix composites (MMC) via the P/M route. blending of matrix and
reinforcement materials is a critical operation which has received little attention in P/M processing.
Past investigations have generu'ly focussed on studies of mixing in large-scale and uniform sized
systems (particles with diameters in millimeter size range) and inferred segregation behavior of
powders. Several workers, however, have investigated the segregation tendency of particles with
different characteristics. It has been found that particle size ratio is the most important material
variable. Scale-up parameters for segregation include size ratio, and Froude number (the ratio of
inertal to gravitational forces). Another important conclusion is that in order to obtain a
homogeneous mixture, the powder mass must be assessed for both macro- and micro-mixed
states. Some preliminary experimental results have also shown that the type and pressure of gas i
the blender can have a significant effect on the blending characteristics of a powder mixture.

Introduction

The need to achieve reproducible structure and properties in the processing of composite materials
has prompted considerable interest in the materials research community. Several methods are
available to produce such materials: liquid metal infiltration, powder metallurgy (P/M) processing,
formation of composites from the melt

and spray deposition techniques are but a few. Those techniques which use the liquid metal as a
starting point seem to provide an inexpensive means of processing metal matrix composites
(MMC's). In many cases, however. concerns about possible contamination of the matrix material
while in the liquid form, as well as prohibitively high melting points make hquid metal techniques
inappropriate. In such cases, the powder metallurgy route provides a better controlled means of
forming the product. An overview of the P/M processing route is shown in Figure 1 .

This approach has its inherent problems. The requirement of a uniform distribution of the
reinforcement material is not always readily achieved. In P/M, the procedure generally entails a
mixing stage (to achieve a preliminary blend of the matrix and reinforcement material). followed by
a consolidation process involving prolonged exposure at high temperatures and possibly high
pressures. While some redistribution of the constituent powders may occur during the
consolidation step, it is in the mixing stage that the character of the composite will be determined,
and it is this step which is the most critical.! As in the case of metal-matrix composite systems,
mixtures that have two or more constituents possessing significantly different physical propertics
very often do not mix well, resulting in the formation of regions which have a higher proportion of
one or the other constituent powder. In order to properly assess the effectiveness of a mixing
operation, it is necessary to identify those operating and design variables which will give the best
mixture as well as the means to scale-up the laboratory results. Although some work has been
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done in large-scale systems to address this problem, little has been done to determine if the
observed relationships will apply to powder systems. and especial'y
to those systems of interest in metal-matrix applications.

There are a vanety of mixer systems available for blending MMC powder. These range from V-
blenders and ribbon blenders, where the mixing action is complicated and therefore not easily
characterized, to the more simple geometry of the horizontal (and sometimes inclined) rotary
blenders. Horizontal cylinders are most often used in basic research since the bed action is
relatively uncomplicated and is easily controllable. Hence, fundamental mixing and segregation
mechanisms can be controlled. As a result, this reiew will deal with this type of blender
exclusively.

While there are hundreds of papers in the literature dealing with the mixing and segregation of
particulates and powders, only a small fraction present results relavant to mixing MMC powders.
Thus, this paper will focus on an analysis of the pertinent literature to MMC powder processing by
blending. In particular the issues to be addressed are a definition of the various types of bed
behavior encountered in horizontal rotary cylinders, an understanding of the mechanisms
associated with the blending of MMC powder, the effect of powder characteristics, operating and
design variables on the formation of a disperse-homogeneous MMC powder mixture, the
development of the scale-up criteria for MMC powder blending, using physical modelling
principles, and the effect of gas pressure on the blending operation.

Bed Behavior

The shape of the bed, the type of bed motion occuring in a horizontal rotary cylinder and the
attendant particulate flow patterns for cohesionless solids have been studied experimentally in some
detail,2-3-*and have been mathematically modelled.5 The bed motion has been found 1o be a
function of the rotational speed of the cylinder being used, the amount of material present within
the drum, the size of the cylinder being used, the static and dynamic angles of repose of the
material as well as the particle size. Six specific types of bed motion have been identified. these
being slipping, slumping, rolling, cascading, cataracting and centrifuging (see Figure 2).

At low rotational speeds or low Froude numbers (dimensionless ratio of inertial and gravitational

forces, Fr = (w2R)/g = 1, the bed may under~» slipping motion. This has been discussed to be
composed of three different motions, dependir . on the specific value of the bed depth or per cent
fill, the rotational speed within this regime and the bed wall friction angle.3First, the bed may move
as a whole along with the cylinder as it rotates. At the point where the frictional forces along the
wall are exceeded (the maximum angle of repose). the entire bed slides down the wall and comes to
rest at an angle less than the static angle, from which point the process is repeated. Second. the
bed may move with the wall but at a lower rotational speed, with the solids rolling slowly along the
free surface of the bed. Finally, the bed may adopt a particular position along the cylinder wall
where it is observed to slide continuously. Since slipping results in little relative motion between
the particulates, this type of bed motion is undesirable as it results in little mixing.

For higher bed/wall friction and low rpms, motion of the bed would be a slumping mode. This is
characterized by the bed moving up with the wall to the static angle of repose, at which point a
wedge of solids separates frc  the bulk of the bed and rolls down the bed surface, resulting in a
reduced angle of repose. T . process then rcpeats itself in a regular manner, the slumping
frequency being dependent upon the rotational speed of the cylinder, the physical properties of the

material and the cylinder diameter.3
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Further increases in speed results in a transition to the rolling mode. The bed in this phase of
motion is characterized by the continuous motion of the solids over the bed surface. At low
rotational speeds, the bed has a flat surface and adopts a constant angle of inclination, known as
the dynamic angle of repose. At higher speeds the solids in the upper corner of the bed ride farther
up the cylinder wall before detaching, resulting in a kidney-shaped bed cross-section. At this point
the bed is said tobe in a

cascading mode. It is this mode which is generally associated with the best mixing, as the

particulates are subjected to the maximum shearing action within the bed.®

Increasing the speed past the cascading regime results in cataracting. In this mode the solids detach
themselves completely from the wall at the top of the travel. They are then flung through the
freeboard of the cylinder, landing on the surface of the bed at some point near the bottom of the
bed. Finally, at the point where the inertial forces imparted by the rotation balance the gravitational
forces experienced by the bed (the critical speed, with the Froude number , Fr = 1 ) centrifuging
begins. As in the case of

the slipping mode, very little mixing occurs due to the fact that there is no relative particle motion in
this mode.

It has been clearly shown that the scale-up parameters for bed motion are the Froude number (ie.
the ratio of inertial to gravitational forces), the percent fill of the cylinder, the static and dynamic
angles of repose and the particle size.SIf the same uniformly sized material is placed in cylinders
having different diameters and rotated at different RPMs, the same bed motion will be observed at
the same Froude number and percent fill.

For the bulk of mixing operations, the useful range of motion exists between the rolling and
cascading modes. As will be discussed later, segregation can occur in rolling and cataracting beds
where differences exist in the physical properties of the materials. Furthermore, it is important to
note that the extent of the regions of the various bed motions changes with the composition of the
bed.” At a given RPM, the presence of segregation can therefore change both the motion of the bed
as well as the degree and effectiveness of the mixing operation. In order to determine optimum
mixing conditions, it is not sufficient to observe bed motion with particles of uniform properties or
characteristics (ie. size, shape and density). In order to understand the effect of the bed motion on
the segregative behavior of a mixture, the range of motion in the system must be analyzed for the
bed compositions which will be used in segregation studies. However, 1t would be expected that
the scale-up parameters of bed motion for a bed with uniform material properties will also play a
role in the bed motion of solids with a range of properties (ie. size, shape and density).

It should be mentioned here that in all cases (except perhaps the centrifuging mode) the flow
patterns in the bed may be divided into three separate regions.28.9.10 This is shown pictorially in
Figure 3. In the passive region, very little particle motion is observed. and matenal i» transported
through this region without changing its position in the bed. The active region of the bed (the
"active layer” or "shear layer") comprises a small portion of the bed. usually only a few particle
dimensions in thickness. It is in this region that the bulk of the mixing and segregation action
occurs, especially at lower rpm's.  As will be seen later, the interaction in this layer between
particles, voids and even the mixer account for the redistribution of material observed. In some
cases (for beds with greater than 50% filll0), a "dead-" or "zero-velocity" zone can occur in the
bed. Particles which find their way into this area remain trapped here and are removed from
further interaction with the remainder of the bed. This zone is of special importance in systems
showing segregative behavior, but can also occur in "ideal” systems for certain combinations of the
operating parameters.

Mixing
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Early work focussed on a determination of the fundamental mechanisras responsible for the mixing
action observed in all types of mixers. Lacey was perhaps the first to directly state the mechanisms

involved in mixing.8These arc:
1. Diffusive - This involves the redistribution of particles due to their random motion.

2. Convection - Motion of groips of particles from one location in the solids mass to
another.

3. Shear - This mechanism occurs when shear planes are formed or occur within the
particulate bodies.

In particular, Lacey asserted that in the case of mixing of mono-sized particles in a drum mixer,
diffusion was the dominant mechanism in mixing. Diffusive mixing was accomplished by the
random scattering of particles over the surface of the bed, and thus the mixing planes were
restricted to the surface layers of the bed. It should be noted that this diffusive mixing mechanism
was applied to the axial mixing of similar particles. The presence of diffusion as a mixing
mechanism has been supported by additional workers,9-11.12.13 but the contribution of additional
mechanisms are worth examining in more detail.

Donald and Roseman!? studied both the axial and radial mixing characteristics of drum mixers.
They found that mixing in the radial direction occurred a.  result of changes in the path of
circulation of particles in the bed. This can be understood ... terms of the regions tdentified in
Figure 3. They postulated that the particles travelling through the active layers in the bed will fall
into voids of the next layer down. When the particle is carried into the passive layer, it should not
change its position relative to the mass, and any change in the radial direction should then occur
only if the particle travels a different path in the active layers and thus gets trapped at a different
position in the passive layer than it occupied originally. The opening of voids and subsequent
trapping of the particles in the passive lavers was explained to be a result of differences in the
velocity between the two bed regions. It was found that mixing was optimized for intermediate
values of the operating speed, and that the mixing time was decreased for increased percent fill,
showing no variation with the particle size (for beds composed of mono-sized particles). For axial
mixing, they separate the bed into two regions. Away from the end walls of the cylinder, mixing
was found to proceed slowly and thus thought to be a result of diffusive processes only. Neur the
end walls, however, axial mixing was accelerated due to the presence of steep velocity gradients.

Later work by Rutgers*4also considered both axial and radial mixing. The best radial mixing for
beds composed of a single particle size was found to occur at speeds ranging between the rolling
and cataracting modes. For longitudinal mixing, he again supported the concept that it is the result

of random deflections at the surface. with the rate of axial mixing increasing with decreases in the
particle size.

Later Cahn and co-workers,? again using systems in which the beds were composed of particles
with similar physical properties, confirmed the presence of the diffusive mechanism as the mixing
mechanism predominating for axial mixing. Again the action was limited to the active layers in the
bed (and more specifically the ..rface of the bed), with diffusion resulting from an axial
component to the motion of the particles across the surface coupled with trapping of the particles in
voids in the underlving active lavers. Subsequent work!! led to the inclusion of particle-mixer
collisions as a contribution to the diffusive mechanism, and efforts to develop a probabi'istic model
of the particle motion led to reasonable estimates of the “diffusion’ coefficient. D::..sion was
found to depend on both the load in the cylinder and the speed of operation.
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Work by Hogg et al.!3and Hogg and Fuerstenau!3 continued to examine the role of diffusion in

mixing in rotary cylinders. Hogg et al.13refined the diffusion model for axial mixing to include the
effect of the presence of the cylinder ends for long mixing times. The modification comes in as a
different solution to the diffusion equation for long and short times. For short times the mixing

goes as N1/2(where N is the number of revolutions), whereas as at long times the mixing proceeds
as exp(N). As in the case of the works of Cahn and Lacey, the mixing proceeds as the movement
of a planar diffusional front along the axial direction. Radial mixing was considered in the later
work.15 Hogg and Fuerstenau proposed that the shear mechanism of Lacey is actually a
combination of the convective and diffusive mechanisms. In this case, the mixing of material in
the radial direction occurs as a result of the interchange of particles between different circulation
paths in the bed, and as this exchange is random, it must then be "diffusive”. The convective
component to the mixing process comes in as a means of reducing the distance over which the
diffusion occurs. This results in a striated structure to the bed across the cross-section, with the
thickness of the striations decreasing with increasing number of rotations. The convective
component was thought to arise from differences in the residence time of particles at different radial
positions in the bed. The limitation to this work, however, is that it applies only to the limited
"ideal" systems which have been studied. A significant point raised by Hogg in this work,
however, is the importance of the considering both macro- and micromixing, i.e., the difference
between the combining of separate components into an apparently well-mixed bed (macromixing)
and the short range mixing required between regions rich in one component to regions rich in
another. As will be seen in the next section, this has important consequences in P/M MMC
applications where the microscopic distribution determines the properties of the final consolidated
product.

More recent developments have begun to cast some doubt on the validity of the diffusion

mechanism as a means of explaining the observed mixing phenomena. Bridgwater!S contends that
the diffusive process may actually be a purely convective process which, due to the probabilistic
nature of the mixing process appears to be diffusive. Also, Bridgwater indicated that some
redistribution of the particles may occur at a particle to particle (or 'micro-') level in the passive
region of the bed, and that this redistribution is likely not a result of any diffusive process. Later
work by Scott and Bridgwater!9proposed a different mechanism for mixing to occur to account for
this micro-distribution. They envisage the bed as a series of "convective blocks” surrounded by
failure zones. These convective blocks account for macroscopic movement of the particulate
materials, whereas mixing at the microscopic level would occur as a result of interparticle
percolation. They predict that this mechanism would become important for particle sizes greater
than 30mm, and be commonplace for mixtures with particle sizes greater than 100 mm. Their
work indicated that the application of strain to the shear zones, resulting in expansion of the bulk is
sufficient to allow particles to pass through voids between other particles, thus allowing
percolation to proceed. The rate of mixing due to this mechanism depended on the amount of
strain imposed on the material and the relative volumes of the constituent particles (the density
having been found to be unimportant).

It is important to realize the previously mentioned studies represent only a small portion of the
available literature on mixing, much work having been done to evaluate the efficiency of industnal
systems and alternative mixers. It is also notable that in all of the cases, the bulk of the work was
performed on systems in which the particles showed no significant differences in physical
properties (size, shape, density, etc.) and thus are limited in their usefulness to the understanding
of real systems where such ideality in the particle properties rarely exists. The discussions above
have focussed on some of the more important studies looking at the fundamentals of the mixing
process, especially that applied to rotating cylinder mixers. These studies clearly outline the
mechanisms by which particles flow in mixers. In systems with tendencies for segregation, the
mixing mechanisms described above will still be present. The extent to which they will contribute




14

to the final state of the mixture will depend on the segregative tendencies of the mixture. Itis thus
important to study the literature dealing specifically with non-id=4i systcms. This is done in the
following secton.

Segregation
Effect of Variables

Detailed investigations into the mixing properties of beds containing particles of non-uniform
physical properties originated in the sixties with the work of Donald and Roseman!Z:!7and
Campbell and Bauer?. Donald and Roseman reported the formation of segregated regions in the
bed of a rotating cylinder for cases where significant differences in the physical properties of the
constituent particles existed. In their case, they considered only differences in either the size or
density of the materials used. They found that segregation could occur in both the axial and the
radial directions, and that the final shape of the segregated regions depended on the static angle of
repose of the materials being used. For the case where the segregating material (the smaller or
denser material) has the lower angle of repose, and considering a situation where there are
negligible end effects, a segregation core forms along the length of the cylinder at some point
below the active layer of the bed (see Figure 4(a).). When end effects become important, such as
in the case of increased speed and/or rough walls, the core at the ends of the cylinder become
unstable and small regions of banding perpendicular to the cylinder axis may form at the ends, as
shown in Figure 4(b). Finally, for the case where the segregating material has the higher static
angle of repose, the bed will form only bands along the length of the cylinder (Figure 4(c)). Their
explanation for these effects lies with the fact that changes in the angle of repose will affect the
velocity which the material sees as it travels down the surface. For low angles of repose, the
material will have a low velocity along the surface, and thus the chances that it can drop through
the active layers without being scattered axially increases, and thus the radial segregation core maya
be formed.

Donald and Roseman also investigated the role of material and process vanables on the segregation
phenomenon. They found that for density and size ratios greater than 1.2, segregation occurred
rapidly and the final form of the mixed bed was one of the configurations explained above.
Contrary to some of the ideas of Rose,!8 Donald and Roseman also found that the formation of the
segregated regions did not depend on the initial position of the components. Also, they determined
that the rate at which segregation occurs decreases with increasing percent fines (for particles
differing in size) and would be slowest for equal volumes of coarse and fine particles. This was
due to a decrease in the number of free voids available for the smaller particles to fall into. Finally,
they observed that the shape of the material had apparently little effect on the segregative behavior
when compared to size and density differences. Itisn't clear what actual size of materials was used
in this study, however, it will be seen later that shape effects can be important for fine materials
(i.e. powders).

Campbell and Bauer? extended some of these concepts to examine the effect of changes in the
particle shape on the segregative behavior. They confirmed the ideas of Donald and Roseman that
the degree of segregation encountered depends on the size ratio of the particles being mixed. They
expressed their observations, though, as the volume ratio of the particles being mixed. In
considerng the effect of changes from spherical particles to needle-like particles, they used the
weight of individual particles to determine an equivalent spherical volume for the acicular materials.
They then found that for mixtures of acicular and spherical particles, segregation was minimized
for those cases where the equivalent spherical volume was equal to the volume of the spherical
particles. Thus the volume of the particles was found to be the determining factor in, segregation,
rather than the shape.
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Also, Campbell and Bauer determined that the density differences were minor when compared to
differences in the volume of the materials being mixed. This was, however, for a density ratio of
only 1.26, which is very near the limit stated by Donald and Roseman for the density to have an
effect on the segregation.

Later work by Ullrich!9considered that two segregative tendencies would dominate, that due to
size differences and that due to density differences. Using steel and glass balls, he determined that
a segregated core formed along the cylinder axis, composed of the finer (or denser) material. The
experiments were restricted to consider the effect of changes in the size ratio and operating speed
(expressed as w2R/g) only (although no effect of changes in the drum speed were reported). He
was able to show that to some extent the tendency to form a segregated core can be minimized by
making the denser particle larger than the finer. For a size ratio of denser:finer of 1.4:1,
segregation was minimized. He also pointed out, however, that at the point of minimum
segregation, the mixture could not be considered to be stochastically well-mixed. This implies that
elimination of segregation is likely to be very difficult, and that macroscopically well-mixed beds
may still show significant segregation at the microscopic level.

Rogers and Clements20 looked at the effect of the rotational speed in more detail, for mixtures of
coarse granular materials (500-600 mm). For low rpms and short operating times, a segregated
core was observed along the length of the mixer. As the operation time was increased, the fines
were seen to move towards the ends of the mixer, resulting in large cores at the ends of the mixer,
and a fines-depleted region in the center. Increases in the rpm led to more band formation, with the
number of bands increasing for increasing rpm. The percent fines was observed to affect the size
of the bands formed, but only at higher rpm. Rogers and Clements also noted that even for
systems with similar physical properties between the particles, segregation can still occur, despite
the fact that the bed may appear to be visually homogeneous. This again implies that segregation
on a microscopic scale is important.

This last point was borne out by the work of Sauer.21.22Using iron and copper powders in size
ranges typical to powder metallurgy applications ( ~60 - 200 mm), Sauer was able to look at the
effect of particle properties on mixing at both the macroscopic and microscopic level. Sauer
deduced that macroscopic segregation in these systems occurred for both differences in density as
well as differences in size, primarily due to changes in the kinetic behavior of the particles
resulting from differences in the mass of the individual particles. Sauer also credits part of the
segregation resulting from size differences to the fact that the smaller particles may fall into voids 1n
the charge. Again segregation was seen to increase with increases in the size ratio, and size
variations accounted for more of the observed segregation than did the variations in density. Sauer
also showed, however, that the shape of the particles affected the mixing and segregation
processes in these materials. Increased surface interference between irregular particles was found
to reduce the rate at which segregation occurred, and this effect increased with decreases in the
overall particle size due to the attendant increase in the surface area. At the microscopic level, it
was found that the size ratio had qualitatively the same effect as in the macroscopic case. In this
case, however, the absolute size and shape of the particles determined more critically the
distribution observed. Sauer found that as the particle size decreased, the distribution became
worse, but that this could be minimized somewhat by the addition of an appropriate mixing
additive. Also, it was shown that if even one of the components of the bed had an irregular shape,
good mixing at the microscopic level was not achieved. This obviously has important
consequences for MMC applications, where the reinforcement phase is not likely to be sphenical
with a smooth surface.

Segregation Mechanisms
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To this point little has been said as to the mechanisms governing the segregation process. Most of
the above work relied on traditional interpretations of the phenomena governing the motion of the
particles (i.e. the motion being governed by convective and diffusive mechanisms). Williams
asserts, however, that in segregative processes, different mechanisms govern the motion of the

particles?3. He states more formally that segregation can result from four factors, these being:
« differences in particle size
+ differences in particle density
» differences in particle shape
+ variations in particle resilience
In these cases the motion of the particles will be governed by the following mechanisms:

1. Trajectory or flow segregation - in which segregation occurs due to differences in the
distance over which the particles travel on the surface of the bed.

2. Percolation - as described in the section on mixing, this involves the motion of particles
through voids in the bed. This mechanism has been alluded to in the previous work on
segregation, though never formally addressed as a mechanism for the segregation.

3. Vibration - in which motion of particles through the bed occurs due to variations in the bed
voidage resulting from externally imposed vibrations. This mechanism is of little importance in
rotary cylinders.

The role of the first two mechanisms has been addressed in very few studies. The most notable
involve the work of Henein et al.’and Nityanand et al.® In examining the segregation behavior of a
model rotary kiln system, Henein et al. found that segregation occurred both axially and radially,
and in particular, for bed motions in the slumping and rolling regimes. The segregated core was
found to have the same general shape as the bed, and lay at some point below the active layer,
though usually in the top half of the bed. Based upon their observations of the formation of the
core, they postulated that it could not have formed as a result of any convective or diffusive
process, and proposed that the percolation mechanism was primarily responsible for the
segregation process. They also allowed for some contribution of the trajectory mechanism, though
considered it to be of minor importance. This experimental work was conducted on irregular
shaped solids.

In the work of Nityanand et al.% the goal was to determine the rate at which segregation proceeded,
and to see if percolation was indeed responsible for the formation of the segregated core. Using
spherical plastic beads, the observations of Henein at al. as to the shape and location of the bed
were confirmed for a more general case. Segregation was again found to occur for slumping and
rolling beds, and for rolling beds the segregated core was located just below the active layer.
Direct measurement of the formation of the core indicated that formation of the core followed zero
order kinetics, with the kinetics a linear function of the rotational speed, and independent of the
percent fill and bed depth. This is not consistent with either a diffusive or convective mechanism,
and direct observation of the bed confirmed that the fines reported to the core by means of
percolation. The presence of flow segregation could not be discounted, however, since the
number of coarse particles present in the core was less than was expected by maximum packing of
the mixture. Since percolation cannot account for the removal of coarse particles from the core,
flow segregation must still be operative. The rate of segregation increased with increasing size
ratio, and also increased with increases in the size of the cylinder. This led to the development of
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the size ratio and the dimensionless speed w2R/g as scale-up criteria for segregation phenomena.
This should allow comparison of results of macromixing investigations of powder systems to these
larger systems to determine whether percolation dominates for the smaller systems, and also to
determine the relative importance of additional effects such as the shape differcnces and increased
surface area.

Effect of Gas Atmosphere

Recent work has indicated that a complete analysis of powder operations requires an understanding
of the interaction between the gas atmosphere in the apparatus of interest and the powders. This
interaction depends not only on the properties and state of the gas (i.e., gas viscosity m and
pressure), but also on the properties of the powders involved (powder density and particle size)
and the typical operating speed of the apparatus itself. In essence, the effect of the gas atmosphere
is to change the state of fluidization of the powder bed, thus altering the flow characteristics and
properties of the powder bed.

In determining the extent to which the gas has an effect of the flow properties of the bed,
Rietema>*considered the hydrodynamic interactions between the gas and the powder mass. He
reasoned that in cases where the typical velocity of the powder-handling apparatus exceeded the
rate at which the entrapped gas could escape the bed, the powder would remain fluidized and in an
expanded state. The removal of the gas from the bed can be followed as the movement of a
“continuity shock wave", above which the porosity if the bed is that of the expanded state, and
below which the porosity is that of the settled bed, ey. The velocity of the shock wave is given hy
the expression

Voo Pad5 8 &3
150 4 (€-¢,) (D

In this expression, pg = the powder density, d, = the powder particle size, g = gravitational

acceleration, | = the gas viscosity and € = the porosity in the fluidized portion of the bed. For a
typical powder handling speed V;, the bed can be expected to remain fluidized for conditions
where V,; >> Vs, Rietema then uses this condition to arrive at an expression for predicting the
influence of a gas atmosphere, the so-called Gas Interaction Number, N;. The expression for this
number is:

1
Ny = P8 00
v, ()

The physical significance of Ny is as follows: for values of the gas interaction number less than
100, the gas atmosphere will remain trapped in the powder mass. This effect increases for
decreasing values of the gas interaction number, i.e., the lower the value of N; , the greater the
influence of the gas. From the form of the equation, it can be seen that low values of N; can be
achieved for large values of both the gas viscosity and the powder-handling apparatus speed. The
effect of the speed of the apparatus can be readily understood, as it anses from the derivation of the
expression. If the speed of the apparatus is low, the V; will be less thanV s and the gas will be

able to leave the powder mass. The porosity of the powder bed will remain close to €, and there
will appear to be no gas effect. AsV, increases and becomes larger than V(s the gas will remain
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trapped in the bed. The pressure exerted by this entrapped gas will then cause the powder bed to
expand, and the bed will thus flow more readily.

The influence of the viscosity of the gas can be explained in the following manner. For increases
in the gas viscosity, the momentum exchange between the gas molecules is large. This results in
increased force on the powder particles, and thus the observed increase in the interaction between

the gas atmosphere and the powder mass. As the viscosity decreases the mean free path, A,
increases and the number of gas molecule collisions decreases. This results in a lower rate of
momentum transfer, and thus a decreased interaction between the gas and the powder. For low
values of m and Vj, then, the bed will be collapsed and relatively static, as compared to its free
flowing behavior for large values of these two variables. The effect of changes in both the
viscosity and the speed can be seen graphically in Figure 5. The values of the vanables used are
shown in Table 1N1Vadat, and correspond to quantities which might be encountered in metal-
matrix composite applications. It can be seen that the value of Nj remains well below 100 even
for relatively high speeds and low viscosities. The effect of variations in the particle size can be
seen in Figure 6 The increasing viscosity here corresponds to the same range as the previous
figure (see Table 2 for the values used). It can be seen clearly in this case that changes in the
rotational speed have a significant effect on the gas interaction behavior. It is apparent that at low
rpms, the bed will be fluidized for small particles only. As the rotational speed is increased, the
fluidizing effect of the atmosphere is extended to include the larger particles. For a rotational speed
of 100 rpm (which is a reasonable number for the cascading regime in these blenders) it can be

seen that, for a system with all particles less than 100 um the entire bed will be fluidized. Thus is
is expected that the kinetics of mixing in this regime will be enhanced for all the particles in the
system. At the lower speeds, where segregation is usually a problem, it appears that the smaller
reinforcement particles could be fluidized, but that the larger matrix particles would not. This
could have some as-yet unknown and interesting effects on the nature and extent of segregation
observed.

It is reasonable to assume that the pressure of the gas will also have some effect on the behavior of
the powder bed. It is not apparent from the previous expressions, however, how the changes in
the pressure should affect the bed behavior. If one were to assume that the viscosity in Rietema's
expression is the absolute viscosity, then its value would change very little with pressure, and the
gas interaction number could not be used to predict the influence of the atmosphere for changes in
the pressure. In a later paper, however, Cottaar and Rietemadid consider the effect of a change
in the pressure. They looked at two cases: first, the case where | is much smaller than some
critical dimension R (for powder masses, this would correspond to the size of the interparticle

voids); and secondlv, the case where A > R. They develop their arguments based on

considerations of the .orce F exerted by a flowing gas at speed U on a tube of length L and radius
R.

The first case corresponds to the case of viscous flow in the tube. In this case the result can be
readily obtained from fluid mechanics with the result that

&M

= 8 7[#1 U (‘%)

Here mj corresponds to the viscosity of the gas at high pressure. As mentioned, this is for the

case of A <<R, and thus an expression for the gas viscosity can be obtained from the kinetic gas
law, based on the assumption that the viscous forces will arise predominantly from momentum
exchange between the gas molecules and not from interactions between the gas and the tube walls.
In this case the expression for the viscosity is
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M= 5pAvy (B

NI |—

where p is the gas density and v;is the thermal velocity of the gas molecules (i.e., the actual

velocity of the gas molecules for the temperature at which the gas is held). The quantity pA is
independent of pressure and thus the viscosity at high pressures remains at a relatively constant
value.

For the case of gases at low pressure (and thus large A), Cottaar and Rietema consider the situation
as one representing free molecular flow. The momentum exchange of one molecule is thus
considered. For molecules of mass M, and assuming that the wall and molecules are in thermal
equilibrium so that the momentum exchange due to thermal velocity is on average zero, the net
momentum exchange for the molecule will be MU, where U is again the gas flow velocity. Since
the gas molecule will on average travel over a maximum distance of R between collisions, the total
number of effective collisions becomes L/R and the total force

per unit length becomes

"

=7pUR (5)

™

From this a new expression for an apparent viscosity mp was obtained, given as
M2 =gpRU .(6)

Thus the effect of gas pressure can be seen as a modification of the value of the viscositv. This

effect is two-fold. First, the distance that a molecule travels changes from the value of A for the
particular conditions experienced by the gas, to the size of the opening through which the gas is
forced to pass. Secondly, the velocity at which the gas moves decreases from the value of the
thermal velocity to the value of U, which is typically several orders of magnitude smaller than the

thermal velocity2. Thus, as the pressure of the gas is decreased, the apparent viscosity of the gas
is reduced. In terms of its effect on the gas interaction number, then, as the pressure of the gas
decreases, the value of N will increase. This indicates that the effect of pressure is similar to that
of viscosity: for beds that show fluidized behavior, the extent of fluidization and thus the ease of
flow of the powder mass decreases with decreasing pressure (and decreasing apparent viscosity).
An additional point is that since the value of the apparent viscosity is a function of R, and R is of
the order of the interparticle spacing, the particle size has a role in determining the value of the
interaction number directly (due to its presence in the expression for N; and indirectly, inasmuch
as it changes the value of the apparent viscosity.

Experiments have been performed to determine how changes in the gas atmosphere affect the
performance of ball milling25.26.27.28 and mixing?9 operations. The behavior predicted by the gas
interaction number was found to be observed in all cases, i.e., for high values of either the gas
pressure or the gas viscosity, and thus low values of N; the beds were observed to be very fluid.
with good intermixing of the powders in the bed. For the studies on milling operations, it was

found that the rate of breakage of the product increased with increases in pressure and pu. The
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uniformity of the end product increased, with less fines being produced, and the number of
agglomerates formed during the milling operation decreased. Thus for the case of milling,
improvements in both the quality and efficiency of the operation can be achieved with the use of
either highly viscous gases or high gas pressures.

In the mixing studies, systems of similar particles (differing only in color) and systems showing
segregative behavior were considered. In the first case, using variance as a measure of the progress
of the mixing operation, it was found that an increase in the powder mobility (again, due to
increases in either the pressure or the viscosity) resulted in increases in the diffusion coefficient
(i.e., the rate at which random movement of the particles occurs) of the process, as well as
decreases in the variance in the sample. Since the mixture of similar particles is a random process,
this improvement in the mixing process is a reasonable one. In the case where the samples showed
a tendency to segregate during mixing, it has found that the opposite conditions were beneficial.
i.e., low gas pressures and low viscosities resulted in a decrease in the mobility of the powders
and thus reduced the tendency towards segregative behavior. Again the improvements were
demonstrated by a decrease in the variance of the measured samples of the mixtures considered. In
terms of the gas interaction number, then, high values of N; will be beneficial in reducing the
extent of segregation observed in those systems predisposed to its occurrence, whereas low values
of N; will benefit those operations which rely on increases in the rate of occurrence of random
particle movements (pure mixing).

Summary

It is obvious from the discussion above that a complete assessment of the success of a blending
operation is a difficult task. Identification of the dominant mode of particle movement can be
expected to be obscured by overlying observations of segregation when materials of differing
physical properties are involved. The situation is further complicated by the role of the
circumambient gas in the drum, which can markedly alter the kinematics of the bed motion, and
thus the degree of mixing and segregation which occurs. Also, the conditions which can lead to
apparently good macromixing will not necessarily lead to a proper microdistribution of the
components, which is of great importance in creating a suitable final product for composite
apphcations. The benefits of the previous work on large scale matenals, however, is in providing
a framework from which to begin an analysis of mixing using fine powder materials. The concept
of similarity may also allow an identification of the contribution from additional small particle
forces (van der Waals, electrostatic, etc.) in the event that the dynamics and mechanisms of mixing
and segregation are found to be comparable in the case of small versus large particles.
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Table 1: Data for Calculation of N; as a Function of the Apparatus Speed

dp 1x104 m

r 4500 kg m-3

g 9.81 m s2

m 2.217x 105 kgmls! for Arat 20°C and 1 atm
1.781 x 10-5 kgm-! s-1 for Ny at27.4°C and 1 atm
8.76x 106 kgms! for Hy at 20.7°C and 1 atm
Table 2: Data for Calculation of N; as a Function of the Particle Size

dp 2x105mto 1.8x 10 m

r 4500 kg m-3
9.81 m s2

m 2.217x 10-5 kg m!s! for Arat 20°C and 1 atm

1.781 x 10> kgm-! s-1 for Ny at 27.4°C and 1 atm

8.76 x 106 kgm-ls-! for Hyat 20.7°C and 1 atm
Vy 20.0 pm

100.0 rpm
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Figure 1: Powder metallurgy processing route (adapted from Willis!).
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BLENDING OF PARTICULATE MATERIALS
J.O.G. Parent, J.H. Bytnar, H. Henein and J. Iyengar
Carnegie Mellon University, Pittsburgh, PA 15213

ABSTRACT

1 Introduction

In Part I of the series, a brief review of the work done to date in the area of the blending of particulate
materials was presented. From this review a list of the most important material and operating variables
that affect a blending operation can be made. These are:

1. The relative size of the particles in the system.

. The relative amounts of the particles in the system (% fines).

. The amount of material present in the blending apparatus (% fill).
. The relative density of the particles in the system.

. The type of gas atmosphere present in the blending apparatus.

. The type and geometry of the blending apparatus itself.

~N Y AW

. The speed at which the blending apparatus is operated.

8. The shape of the particulate materials.
Consideration of these and other minor variables led to a refined set of experiments in this work, the
primary goal of which was to examine the effect of these traditional variables on the blending and
segregation characteristics of both model materials (large scale blending) and powder materials typical
to powder metallurgy applications (small scale blending).

2 Experimental Apparatus and Program

The research program was divided into two main areas: investigations performed on model materials to
examine the relationship between the operating parameters and segregation behavior in rotation
cylinders; and parallel experiments done on powder materials. In this way it was hoped that the eftect
of variables peculiar to powder systems (such as surface roughness and shape) could be separated trom
the more traditional variables such as those mentioned in the introduction. In both cases, macromiximg
hchavior (mixing degree visible to the eye) was the main focus. |

2.1 Model Materials
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2.1.1 Experimental Setup

The schematic of the experimental setup is shown in Figure 1. An aluminum cylinder of intemnal
diameter and length 20 cm. was mounted on two rollers, one of which was driven by a variable speed
_motor. With this arrangement the cylinder speed could range from 0 to 140 rpm. A rough fabric was
used to line the inside surface of the cylinder to eliminate slippage between the particulates and the
cylinder wall. Observations of the bed behaviour were made from one ned of the cylinder which had a
transparent glass plate attached to it. The model materials used were monosized spherical particles of
four different sizes and two different densities. The size ratios of the model materials were chosen
between 1.3 and 3.04 (see also Table 2), which was within the range of that available for the powder
materials. The model materials were also chosen such that the density ratio (1.8) was within the range
of that available for the powder materials. The physical properties of the two materials are summarized

in Table 1.

Cylinder I.D. 20 cm

Drive Roller

Figure 1: Schematic of drum arrangement for model material experiments.

2.1.2 Experimental Variables and Procedures

The following operating variables were tested using the model materials:
1. Size ratio -d_,,,./d;,..

2. Percent fill - (Vmixiur q,,',,d")*loo
3. Percent fines - (V, /Y mi:l«re)*loo

4. Density Ratio - P purserPfiner
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Table 1: Model Material Characteristics

Material Size Density Shape
(mm) (gfcm)
Acrylic 9.5 1.3 Spherical
6.4
4.0
3.1
Alumina 3.1 0.72 Spherical

5. Cylinder Speed (RPM)
Table 2 provides a list of the operating variables that were tested. The following portino of this section
outlines that important parameters and the basic procedure used in the different set of experiments.

1. First Set - Binary mixtures of acrylic spheres with a density ratio of 1.0, a percent fill of
35% and percent fines of 14% were used in this set. With these parameters fixed, six
binary mixtures ranging in size' ratio from 1.3 to 3.04 were tested. In each case, the
cylinder speed was increased from 0 rpm to 140 rpm, and the bed behavior and macro-
segregation or mixing were observed and photographically recorded.

2. Second Set - In this set of experiments, all of the conditions were kept the same as in the
first case, except that the speed was decreased from 140 rpm to 0 rpm, to examine the
effect of decreasing speed on the bed behavior.

3. Third Set - This set was conducted to examine the effect of changes in the percent fines.
Thus the percent fines was set to 20%, and the percent fill changed to 37%, all other
variables being held fixed.

4. Fourth Set - In this case the bed was composed of a mixture of acrylic and alumina
spheres. This changed the density ratio to 1.8. The percent fill and percent fines were set
to 35% and 14% respectively, and only three size ratios were investigated: 1.3, 2.1 and
3.04.

In each case, the cylinder was loaded with a measured quantity of the binary mixture and was well
shaken to form a randomly mixed bed. The cylinder was then placed on the drive rollers and the speed
cither increased or decreased, as required by the experiments. The flow of the fines was observed in
cach case.

2.2 Powder Materials

2.2.1 Apparatus and Materials

The rotary blenders for the powder material experiments were constructed of steel pipe with titanium
liners, which were grooved to reduce the possibility of slip at the cylinder wall. Drums of nominally 5
and 10 cm i.d. with L/D = 1 were used, capable of withstanding either pressures of up to 3 atm of a
selected gas or a vacuumn of better than 10-2 atm. Glass end plates were used for the front end of the
drum to allow visual observation of the macroscopic blending process. Gas exchange is accomplished
tlhwough the use of a rotating gas seal, allowing for atmosphere control during the course of an entue
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Table 2: Experunental Variables

Materials Size Ratio Density Ratio

Percent Fill

Percent Fines

Acrylic/Acrylic 3.04 1.0
24
2.1
1.6
1.5
1.3

35
37

14
20

Acrylic/Alumina 3.04 1.8
2.1
1.3

35

14

experunent. Figure 2 shows a schematic view of the gas delivery system as well as the experimental
setup. The speed of the drum is controlled in the same manner as with the model material experiments,
1.e., through the use of belt driven rollers connected to a variable speed motor.

Vent To -
Atmosphere

| D——— Gas it

Drum ¥_@ Gauge

]

Drive
Belt

Variable Speed
Motor

Figure 2: Schematic of gas delivery system for powder material experiments.

—

Rotary
Vacuum
Pump

All of the materials used in the experiments were commercially available products, the choice having
been made based on the avalaibility of materials as well as an analysis of the size distribution, shape
and density. Table 3 lists the materials that were used, as well as their most salient characteristics. The
materials were chosens such that the size and density ratios fell within the range used in the model
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‘material experiments, though it was not considered critical that the size and density ratios matched
exactly between the two cases.

Table 3: Materials for Blending Experiments

Material Size Density Shape
( )-supplier (g/cm?)
PREP Ti-6A14V -100 +120 mesh 4.51 Spherical
(Nuclear Metals)
cp Ti -100 +120 mesh 4.5 Irregular
(Atlantic Equipment
Engineers)
Silicon Carbide -170 +200 mesh 3.20 Irregular Sharp
(Norton Company) -200 +230 mesh
-230 +270 mesh
-270 4325 mesh

2.2.2 Experimental Variables and Procedures

In the case of the powder materials, the list of important variables for the experiments was changed
somewhat from that of the model materials. The percent fiil and percent fines were not considered to
be important in determining the type of mixing behavior observed and so were not used as variables in
this series of experiments. This resulted in a smaller number of variables and so a reduced number of
experunents to be run. The variables of interest in the powder materials case were:

1. Size ratio.

2. Rotating speed of the drum (rpm).
3. Gas atmosphere.

4. Particle shape (both matrix and reinforcement).
The experiments were run in the same manner as for the model materials, i.e., one variable was
changed, keeping all others fixed, and the effect of that variable on the mixing properties of the bed
was examined as a function of the rpm. In other words, the rpm was used as the independent variable
for all of the experiments. The analysis of the mixing behavior was perfonned visually and
photographically through the glass end plate of the drum.

The initial placement of the powder materials was a concemn early on in the experimental program. It
was thought that reproducability could be improved if the coarser and finer materials were loaded n a
repeatable manner for each set of experiments. To this end, a procedure was developed that resulted in
an initial configuration that consisted of the coarser material being evenly distributed in the drum, and
the finer material lying on top of the coarse material, along the drum axis. It was observed, however,
that the finer material was completely incorporated into the coarse material within the coarse material
after just a few revolutions. After further experiments, it was decided that the initial placement was not
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as important as had been previously supposed, and the more practical initial placement, that of a well
mixed bed, was chosen as the starting point for the experiments. As a result, the coarse and fine were
merely loaded together into the drum, and the drum was then rotated for several revolutions with the
bed in early cataracting mode to ensure the creation of a well-mixed bed. Using this starting point asla
facilitated the detenmnination of the percent fill of the bed, as this was calculated from measurements of
the bed depth for each set of experiments.

3 Results and Discussion

3.1 Model Materials

Figure 3 shows the typical behavior that was observed at progressively increasing speeds. /At low
speeds a central segregated core made up of fines was observed, by rotating the cylinder at a constant
speed for a few seconds. The behavior was observed for each case tested (see Figure 3 a,fk). On
further increasing the cylinder speed, the fines began to disperse gradually to the other parts of the bed
(see Figure 3 b,gl). This dispersion of the fines promoted mixing of the fines in the bed. However,
even distribution of the fines in the bed did not occur at any particular speed but over a range of speeds.
This range of speeds, over which the fines were evenly distributed throughout the bed, is defined as the
transition zone from core sergregation to mixing. The lowest speed at which the fines dispersed from
the center and began to mix with the other parts of the bed marked the beginning of the transition zone.
Starting at this speed the motino of the cylinder was arrested at various speeds to observe the
distribution of the fines in the F:u. The end of the transition zone or the beginning of the mixing zone
was determined by this proccdure. Once this was determined, the cylinder speed was further increased
and mixing continued (s .. Figure 3 c,h,m) until the larger particles began to move towards the center
of the cylinder. T.is determined the beginning of reverse segregation. As the speed was further
increased, reveise segregation continued (see Figure 3 d,i,n) until the fines began to form a monolayer
against the inner wall of the cylinder. This speed inarked the beginning of centrifuging (see Figure 3
e,j,0)and the cylinder remained centrifuged with any further increases in the rotational speed. The
boundaries if the various zones (core segregation, transition, mixing, reverse segregation and
centufuging) were thus determined in each case. This procedure was repeated seven times for each
size ratio in each set, and the speeds which determined the boundaries of the various zones were
typically within two standard deviations (20, where ¢ varied between 0.5 and 3.1 rpm) of the mean
speed calculated in each case, indicating that the experimental error is within accceptable limits. The
photographs shown in Figure 3 provide a good representation of the bed behavior that was observed
visually. This figure shows that the bed behavior at low, high and intermediate speeds were similar in
each case, except that the boundary speeds varied with size ratio. These observations provided
information on that mixing patterns when the speed of the mixer is increased, starting with a segregated
bed. The results discussed so far were similar for the first, third and fourth set, showing that the
variation in percent fill, percent fines and density ratio did not make any qualitative difference in the
mixing patterns for binary mixtures. The second set of experiments were perforined to “tudy the effects
of decreasing the speed, starting with a centrifuging bed. In this case the bed behavior changed from
centrifuging to reverse segregation, then mixing, transition and core segregation. The overall results,
though, were similar to the other cases and are discussed later in this section.
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In the review it was seen that the non-dimensionalized number w?R/g provides a useful means of
expressing the important parameters. Therefore the results for each set of experiments are expressed in
terins of plots of w?R/g verus size ratio. The results of the experiments with acrylic/acrylic mixtures
are shown in Figures 4 and 5. The zones on either side of the mixing region can be classified as the
segregated regions. The figures show tha at very low and very high speeds the bed is segregated, and
at intermediate speeds thorough mixing occurs. The figures indicate that at a size ratio of 1.3 (mixture
of 4.0 mm and 3.125 mm spheres), not only is the mixing zone shifted to the right, indicating that the
mixing begins at higher speeds, but the mixing zone is larger as well. At ssize ratios above 1.5, there is
a very slight variation in the transition boundary (from 43 to 46 rpm between the size ratios of 1.5 and
3.04). Previous work by Roseman and Donald! indicates that up to a diameter ratio of 1.2, the smaller
particles cannot slip through the voids of the larger particles, which results in very little segregation. A
similar result is seen in this work, which shows a larger mixing regio for a mixture of diameter ratio
1.3. The results also indicate that the width od the mixing zone decreases with increasing size ratio. It
is also seen that centrifuging occurs at values of w?R/g greater than 1.0. This could be due to some
slippage between tha cylinder’s inner wall and the spheres. It can also be seen that in general, the
speed at which centrifuging occurs increases with increases in the size ratio. From Figure 4 it is seen
that the mixing region obtained by increasing the speed from an initially segregated bed is smaller than
that obtained by decreasing the speed from an initially centrifuging bed. Figure 5 shows that there is
negligible effect on the mixing pattemns for varying percent fines.

Figure 6 compares the results of the acrylic/acrylic case with the acrylic/alumina case, showing that the
same trend is observed in both instances. The only difference is that that data for the acrylic/alumina
mixtures are shifted slightly to the left, indicating that the transition form core segregation to mixing
and mixing to reverse segregation occurs at lower speeds for higher size ratios.

3.2 Powder Materials

Much the same behavior was observed in the blending of the powder materials as was seen in the case
of the model materials. At low rpm (thus low values of w?R/g) the fines were seen to form a
segregated core lying below an active layer which was only several coarse particle (in this case
Ti-6A1-4V) diameters in thickness. The core was, however, a proportionally smaller percentage of the
cross-sectional area of the bed than was observed in the case of the mode! materials. In addition. a
second form of low-rpm segregation was observed in many of the cases examined for the powder
materials. This consisted of radial bands originating at the core and extending to the cylinder wall.
From the experuments conducted with the irregular titanium (sponge) powder as the coarse material, it
appears that the bands are formed as a result of a shearing of the core at the active/passive layer
boundary. The sheared material is then entrained and distributed along the boundary, and as the
material passes into the passive layer it forms a radial band with some associated curvature. It should
be noted that this mechanism was only observed in the case of the sponge experunents, where the
kinetics of formation of these bands was slow enough to permit direct observation. In the case of the
spherical Ti powders, the fonmation of the bands was not directly observed. and there is some
indication that the bands may also be the result of starting with an improperly mixed bed.

As the rpm was increased, the core was observed to shrink in size and to begin to migrate towards the
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Figure 4: Model material segregation behavior for varying size ratios and drum speeds, for increasing
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top end of the bed. This occurrence marked the beginning of the transition region, and was observed in
all cases. The end of the transition region was determined to be that point where the core was last
observed. In most cases, this coincided with the onset of cataracting, rather than cascading, as was
observed in other work(**references here**). In fact, the cascading region was not observed to
produce good mixing in any of the experiments conducted. Once cataracting initiated, the core was
broken up and the bulk of the bed evidenced good mixing, i.e., there was no observable segregation
pattern in the bed. The end of the mixing regime was determined to be that point at which permanent
banding in the circumferential direction was observed. The upper transition region extended to the
point where this banding moved to the outer wall of the cylinder, resulting in an inner region of
material devoid of fines - the onset of reverse sergregation. As will be seen in more detail later, the
onset of reverese segregation occurred for very high values of @w?R/g, near to or exceeding a value of
1.0, the theoretical point at which centrifuging occurs. It is interesting to note that in none of the cases
observed was centnfuging achieved. This would indicate that the goal of a slip-free surface at the
drum wall was not achieved, or perhaps that the influence of the gas atmosphere is sufficient to cause
increased particle/particle slippage, thus retarding the onset of centrifuging and resulting in the high
values of w?R/g observed.

Figure 7 is the segregation behavior diagram obtained for the experiments conducted with Ti-6Al1-4V
(spherical) and SiC (particulate) with a gas atmosphere at ambient conditions (I atm and 20°C). This
represents a fairly typical example of the segregation behavior of the mixtures, and shows the expected
behavior of the mixing regime, i.e., that the broadest range of mixing occurs at the lowest value of the
size ratio. It can be seen here that the transition regions are fairly large, especially in the case of the
transition from mixing to reverse segregation.

Figure 8 shows the results obtained for the same materials but with the experiments conducted in the 10
c¢m i.d. drum. These experiments were conducted to test the idea of scale-up for the mixing of the
powders. According to previous workZ, the scale-up criteria for radial segregation are the size ratio and
the Froude number (0?R/g). Thus for equivalent operating conditions, the segregation behavior
diagrams for the 5 and 10 cm drum cases should be relatively the same. As can be seen from the
figure, there are significant differences between the two cases. In the case of the 10 cm drum, the
region of segregation at low rpm is smaller, extending for less than half of the range of Froude numbers
than in the 5 cm case. Also, the lower transition region shows a decrease in extent with increasing size
ratio, whereas in the 5 cm case the size of this region remained relatively constant. The mixing region
also shows more variability for the larger drum, and is smaller in extent than in the case of the smaller
drum. The upper transition region occupies approximately the same fraction of the operating speed
range, but begins at a much lower rpm and progressively descreases with increasing size ratio. Reverse
segregation also begins much sooner in the 10 cm drum, and appears to be more uniform in starting
point than in the case of the smaller drum. It should be noted that the percent fill is significantly
different between the two cases, and this may have had some effect on the results obtained. It may be
that the volume of the material used in the larger drum introduced some error into the determination of
the boundary points, but it unlikely that this error was large enough to cause such a significant
deviation betweent the two cases. This suggests that the percent fill may be a factor in determining the
scale-up between the smaller and larger cases, at least in determining the extent to which the different
regions of behavior are observed.
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The effect of changing the coarse particle geometry was investigated in the case of the sponge matetial
as the coarse particulate. The results of this set of experiments are shown in Figure 9. It should first be
noted that the percent fines used in this set of runs is very much higher than that used in all the other
experiments. This resulted from difficulties encountered while trying to observe the experiments
visually. Due to the shape of the sponge, the bed was very porous, and as a result allowed the finer
material to be driven away from the end walls of the cylinder, as a result of the velocity gradient
present there. For 19.5% fines, this resulted in the end wall area of the bed being devoid of fines, thus
making observation of the segregation process impossible. When the middle of the bed was disturbed,
the core of segregated material was found to lie exactly in the position expected, i.e., a few coarse
particle diameters below the surface of the bed, but away from the end walls of the drum. As a result,
it was decided to saturate the bed with just enough fines to permit observation of the segregation
process. This resulted in the decidedly unusual results of Figure 9. The experiments would seem to
suggest that the sponge material, in combination with the silicon carbide, would result in better mixing
properties than with the spherical coarse powder, as evidenced by the small segregation and transition
zones at the low end of the diagram, and the much larger mixing regime than was observed in the
original case. What is likely happening is that the voids in the bed are being completely filled by the
finer material, resulting in an apparently well-mixed bed at small values of the Froude number. This
problem would be greater at the higher values of the size ratio, as this correpsonds to smaller fines
material which would move through the bed at a faster rate. This is evidenced by the decrease in the
boundary values of the Froude number as the size ratio increases. Thus it i unlikely that good mixing
can be achieved in any realistic sense with the irregular sponge material as the coarse particle.

In order to properly assess the effect that changes in the gas atmosphere have on the segregation
behavior of these materials, it is first necessary to determine the likelihood that the gas has an effect on
the particles comprising the bed. To this end, the gas interaction number was determined for the two
atmospheres being used (air and nitrogen) for both the coarse and fine materials. Figure 10 shows the
variation of gas interaction number with rotating speed of the drum (expressed as the Froude number)
for air and nitrogen. It can be seen from these figures that for most of the speeds over which the
blending operations are taking place the gas atmosphere would have little effect on the behavior of the
Ti powders used. In other words, it is unlikely that for these two gases that the ti powder mass would
Le fluidized in any way, and thus the mixing and flow characteristics for the Ti powder should remain
relatively unaffected by the gas atmosphere. In the case of the finer material (SiC), the effect of the gas
atmosphere would be expected to be significant, as indicated by Figure 11. Here the value of the gas
interaction number drops below 100 (the critical value) for very low rpm'’s, and thus for most of the
range of speeds that the experiments use, it would be expected that the SiC would be fluidized to some
extent. This would result in ipmroved flowability for the SiC powder, which might be reasonably be
cxpected to result in more significant segregation problems. It should be noted that the diagrams
presented are for 1 atm of nitrogen and air. In the experiments conducted the pressure of the nitrogen
was varied from 0.3 atm to 3 atm. For the pressures below one atmosphere, the effective viscosity of
the gas would be reduced, which would have the effect of shifting the curves towards higher values of
the gas interaction number, resulting in less fluidization of the components of the bed. For the
pressures above 1 atin, little effect on the curves would be observed as the viscosity of the gas changes
little with increases in pressure above 1 atm.
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The results of the experiments with the nitrogen gas atmosphere are shown in Figures 12 to 15,
corresponding to changes in atmosphere from 0.3 atm of N, to 3.0 atm of N,. Qualitatively, there
appears to be little difference in the range of speeds over which the transitions between the various
® regunes of behavior, especially in the case of the transition from the segregation to the transition
region. Here it would be exepected that the fluidizing influence of the atmosphere might result in
aggravated segregation at the higher pressures, but it can be seen that there is little variation in the
boundary speeds from the lowest to the highest pressure. More variation is seen in the boundary
between the mixing regime and the upper transition, but it does not appear to be related in any
consistent manner with the changes in the gas atmosphere. There does appear to be some trend,
however, in the location of the boundary between the upper transition and revers segregation, with a
slight shift to the right occurring for increases in the gas pressure. It would thus appear that there is
some retardation of the onset of reverse segregation for higher gas pressures. This may be due to the
o fact that the SiC powders experience improved flowability, especially at high rpm, and thus can remain
in the center of the bed for longer periods of time.

Comparing the gas results with the tests done at ambient atnospheric conditions, it can be seen that
there is again very little difference in the values for the boundaries between the various regions. The
® only major differences lie in the slightly broader upper transition regions in the 0.3, 0.6 and 3.0 atm
cases for the nitrogen, and the fact that the occurrence of reverse segregation begins at generally higher
values of w?R/g for the ambient atmosphere case. From the plots of gas interaction number, it is not
surprising that the two cases are so similar. The values for the viscosity of air and nitrogen are quite
close, and thus any effect of gas on the mixing of the powders should be similar for the two instances.

3.3 Comparison of Model and Powder Material Behavior

In general, the two sets of results (model material and powder material) exhibit the same behavior,

o though a few small differences can be observed in the position of the region boundaries. First, it
appears that the model material experiences core segregation of a wider range of speeds than the
powder materials, with the model materials showing core segregatino up to values of w?R/g greater
than 0.25, whereas the powder materials very rarely reached 0.2. The lower transition region, while a
little broader in the powder materials, generally appears to end at about the same value of Froude

® number, approximately 0.4. The range of the mixing region also appears to be fairly uniform between
the two cases, with the widest range of the mixing region occuring in most cases for the lowest values
of the size ratio in both types of materials. It is difficult to compare the high w®R/g behavior dur to
some differences in the observations, but it would appear that the model materials segregate at lower

® values of the rpm. This mau be due to the fact that the model materials were all spherical in shape, and
the fines in the powder material case were uregular. This irregular shape may have impeded motion of
the fine powders through the bed and thus retarded the onset of reverse segregation in the powder
materials.
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Project Summary

The objective of this project was to develop a fundamental understanding of the
deformation processing of short-fiber, powder-based metal matrix composites for high
ternperature applications. The knowledge gained from this composite deformation
processing study was designed to aid in the selection, fabrication, and performance of these
materials and link with the blending research at Camegie Mellon described in the previous
section. The approach used here was to select model composite geometries and materials
and design advanced deformation processing equipment in order to be able to physically
and analytically model existing and novel composite processing conditions.

We have previously reported on and published our work on HIPing of 7-filament
arrays. Vve have also previously reported on our initial work on hot triaxial compaction
(HTC). The rationale for compacting monolithic powders and powder-based metal matrix
composites using hot triaxial compaction is that adding a shear component of stress should
both enhance compaction and improve the properties of the final compact. We have
reported on the design of our unique hot triaxial compaction apparatus and our initial
experimental results as well !. A copy of this presentation and forthcoming paper is
appended. Our unique hot triaxial compaction facility is widely regarded as the most
versatile and sophisticated laboratory hot consolidation apparatus in the world.

We have recently successfully blended a composite of SiC whiskers and Ti-6A1-4V
REP powders using a wet blending technique that controls the pH to overlap the isoelectric
points of both components. We also explored the use of low pressure plasma spraying as a
canning technique prior to HTCing, but time and resources prevented our completing this
task. These SiC/Ti-6Al-4V compacts will be sinterforged in the near future.

We are in the process of patenting our HTC apparatus and envision a steady stream
of process patents using this apparatus in the near future. Work on hot triaxial compaction
is continuing under NSF and Alcoa sponsorship. The current focus is on the effects of
shear on the mechanisms of hot consolidation of aluminum and alumina powder compacts.
A study of HTCing of mechanically alloyed Ti-Al-Nb intermetallics will also be initiated in
the near future, again with Alcoa funding.

This year the following degrees have been conferred on students whose theses were
performed under this project:

James Bytnar, M.S. in Materials Science and Engineering
Elizabeth Patts, B.S. in Materials Science and Engineering
Daniel Watkins, M.E. in Materials Science and Engineering

Dan is currently involved in the HTCing of aluminurn. and alumina study described
above and is scheduled to complete his Ph.D. in May of 1991.

1. Piehler, H.R. and D.M. Watkins, "Hot Triaxial Compaction: Equipment Description
and Initial Experimental Results,"” Proc. 2nd International Conf. on Hot Isostatic Pressing,
ASM International, Materials Park, Ohio, in press.
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HOT TRIAXIAL COMPACTION: EQUIPMENT DESCRIPTION
AND INITIAL EXPERIMENTAL RESULTS

Henry R. Piehler and Daniel M. Watkins
Deformation Processing Laboratory
Department of Metallurgical Engineering and Materials Science
Carnegie Mellon University
Pittsburgh, Pennsylvania 15213-3890

Presented at Second International Conference on Hot Isostatic Pressing
Gaithersburg, Maryland, June 9, 1989

ABSTRACT

Experiments have been performed in which well controlled shear and hydrostatic stresses are applied to a8 powder compact during consolidation a clevated
temperature. This process, hot triaxial compaction (HTC), involves the addition of an axial stress to the powder compact during hot isos(guc pressing
(HIPing). The resulting shear stress can have three primary effects in monolithic materials: (1) it can increase the density by increasing both the
instantaneous (plastic) volumetric strain and the subsequent (viscous) volumetric strain rate, (2) it can impart strain energy leading to interfacial and/or
microstructural changes in the product, and (3) it can disrupt heterogeneities. The superposition of a shear stress during consolidation can also influence
the fracture behavior of reinforcing constituents in composites. Initial experimental observations comparing HIPed versus HTCed Ti-6A1-4V spherical
powders and a Ti-6Al-4V/SiC particulate composite are presented. A theoretical rationale for the volumetric strain and strain rate effect resulting from
the application of shear is also discussed.

The expected benefits from increasing volumetric strain and strain rate via a shear stress in powder metallurgy (P/M) processes include reducing the
extent of reaction zones by allowing for consolidation at lower temperature; in essence, rading shear stresses for temperature to obtain the same density.
Likewise, this reduction in thermal exposure can be used to limit decomposition of unstable microstnuctures in rapidly solidified materials and reduce
grain growth in metals and ceramics,

1. INTRODUCTION

Interest in the effect of shear on powder compaction is motivated by the
need for ceramics, composites, rapidly solidified metals, intermetallics
and other advanced materials where P/M is an attractive, or possibly the
only, processing route. In the most common cousolidation techniques
shear is absent (sintering, HIPing) or is difficult to characterize or
conwrol (hot pressing, powder extrusion). Some existing processes
(Ceracon process [1], combined di¢ forging [2], rapid omnidirectional
compaction [3]) can impart shear stresses during compaction, but
characterization and control of these stresses is also limited. By
imposing a well controlled stress state, HTC can be used to understand
the role of shear in these processes and, perhaps, to suggest new
processes. A first attempt has been made to describe the
micromechanisms through which the strain rate and achievable
volumetric strain are increased. These micromechanisms include [4]
plasticity, power law creep, diffusional creep, diffusion, and interparticle
sliding.

iaxi i - In HTC the powder compact is
loaded by both the gas pressure (as in HIP) and by a ram which exerts
an axial force on the specimen. In order o differentiate between the
mean stress (i.e., one third of the trace of the stress tensor) and the gas
pressure, the latter will always be referred to as the gas pressure or the
confining pressure.

When a powder compact is subjected to the most general
homogeneous, triaxial suess state, the hydrostatic and deviatoric

components of Macroscopic stress are
om=1aij 6))
9’ij = 0jj - &;jOm @

respectively. Since all experiments and processes to date (including this
research) involve an axisymmetric stress state, the notation shown in

figure (1) is acopied. f S
~, e
CiiT

I REN

Fig. 1 Goneral axisymmetric triaxial stress state. S and
T are the applied normal stresses. The confining pressure
is equal to T and the additional axial force equal to S-T.




Thus equations (1,2) become

G.:ZL;—'S. (3)
and
o’llg-zo’zz=-W33=§(S‘D (4)
and the effective stress, defined as
3=¢\/§(0’112+0’222+0’332) )
becomes

§=(5-T ©

This stress, O, is the suress which, absent in HIP, enhances
densification in HTC.

Background - The evidence that shear stresses enhance the
consolidation of metallic and ceramic compacts is found in several key
works and a large collection of "indications” from studies focused in
other directions. For instance, geological and geotechnical materials are
often porous and a wealth of literature exists for hot triaxial testing of
these materials under conditions of a compressive volumetric strain.
However, it appears that the dilitant rather than the compressive
behavior has been of primary interest in these geological studies. The
work on void growth in creep is also relevant to this study.

Enhanced consolidation in the plastic regime has been well
documented. Koerner [5] triaxially compacted iron powders using an
axisymmetiric stress state at room temperature. Figure (2) shows
Koemer's results reploted in deviatoric stress - hydrostatic stress space.
These results are typical for powder metal consolidation. Schock, et
al., [6) performed hydrostatic and triaxial compaction experiments on
aluminum preforms containing 23.6% initial porosity. These
experiments show that shear enhanced compaction is most evident at
higher confining pressures (>0.5GPa) and higher deasity. In fact, in the
hydrostatic case, the volume strain appears to reach an asymptotically
limiting value with increasing pressure, indicating that, in addition o
the increase in densification rate, the absolute density attainable may
increased by shear.

Because of experimental difficulty, a much smaller body of
rescarch exists for elevated temperature compaction. Hot pressing
studies are common but the inhomogencous stress state induced by wall
friction and the difficulty in determining the lateral force without having
a developed flow model, a priori, makes analysis extremely difficult.
Another experimental technique, sinterforging, involves uniaxial
pressing (S only) on a sintering compact. In experiments on
sinterforging of alumina (7] and superalioy powders {8], higher densities
were achieved more rapidly with the addiiion of S. Sinterforging
provides for the application of known hydrostatic and shear stresses,
unlike hot pressing where T in unknown and may tend toward S as
relative density, D, approaches one, D—»1 . For sinterforging T=0, so
the stress state is described by:

Om=% Q)]
3
G=5 ®
Thus, in sinterforging the shear and hydrostatic stress components are

coupled and not independently variable. If plotted in 0,,,-G space, the
sinterforging data all fall on the single line: 36m=6 .
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Fig. 2 Yicld surfaces in oG space showing the
effect of shear stress on room temperature powder
compaction. From Koerner [5].

In the only previous hot triaxial processing of powders of
which the authors are aware, Buschow, et al., {9] coasolidated SmCog
powder in a hot triaxial compaction unit capable of processing
permanent magnet powders at 2.0 GPa confining pressure and
temperatures up 10 300°C. At oy = 3.2GPa and © = 3.6GPa, the
compact density reached 97% of theoretical density (at which time
fracture occurs in the constant strain rate test) whereas in a purely
hydrostatic test, Om = 4.0GPa, the maximum density achieved is oaly
86%. These results further illustrate the dramatic density enhancement
achieved when a shear stress is added to the usual hydrostatic
component.

2. EXPERIMENTAL PROCEDURES

Equipment for room temperature triaxial consolidation of P/M
materials is described by Koemer (5] and in detail by Meerman and
Knaapen[10]). Extension to high temperature studies involves
considerable modification because of space limitations, electrical feed-
throughs, and thermocouple feed-throughs. The furnace design for cold
wall vessels is also crical in that conductive and convective heat flow
must be limited yet force must be transmitted to the specimen by load
bearing members [11,12]. Considerable expertise does exist for
designing the smaller fumnaces used in creep testing of rocks (specimen
size < 10mm diameter). Some ideas for the CMU HTC unit are
borrowed from this technology. The basic design philosophy for
pressure vessels and fumnaces used in geological testing is described in
the excellent review by Patterson {12].

The HTC apparatus used for these experiments is a modified
HIP unit. A schematic of the unit is shown in figure (3). A redesigned
lower closure in the 300 MPag, 11.4 cm. (4.5 in.) diameter bore, tie rod
pressure vessel allows a ram o move into the hot zone and apply the
additional axial stress to the specimen. Bridgeman type unsupported area
pressure seals are utilized. The ram is motivated by a 600 kN force
hydraulic cylinder Force is measured via a spindle shaped column set
into the adaptor bx  ‘een the hydraulic cylinder and the ram. This type
of external load ce:. .as the disadvantage of incorporating an unknown
seal friction into the load measurement. In these present experiments,




the axial load is applied after the final pressure is achieved and the
differential force is taken to be the applied axial load, thus minimizing
the effect of the unknown frictional force. Pressure is measured via
bourdon tube dial gages and an electronic ransducer.

=]

Y5

Fig. 3 Schematic of HTC unit. Load cell is mounted
extemally.

The heating elements are molybdenum wire resistance heaters.
In order to accommodate the force transmission and limit thermal
conductivity, low conductivity zirconia ceramic discs are inserted
between the ram and the specimen.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Ti-6Al-4V spherical PREP powders, 100-150 um in diameter,
supplied by RMI (Niles, Ohio), were eancapsulated in carbon steel
(1020) tubes whose ends were both subsequendy pinched while under
vacuum. No hot degassing was used in these initial experiments. The
apparatus is then ramped (o the predetermined temperature and pressure.
All ramp times, pressures, and temperatures were imposed as identically
as possible to allow for comparability among samples. The processing
schedules for all specimens are containe¢ in Table 1.

After compaction, the sieel cans are chemically removed and
the specimens sectioned near the center. All micrographs on all
specimens are taken on the longitudinal plane near the center of the
compact. Typical sections are presented in all of the following figures.
Relative density was determined by a simple point count method with
an estimated accuracy of 10.05%. Although specimen 1B appears fuily
dense, any feature which could be very small scale parosity was counted
as such, giving us the most conservative (lower bound) estimate of the
density possible.
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Figures (4) (HIPed) and (5) (HTCed) show the effect of the
absence or presence of shear on densification for the same hydrostatic
stress, (emperature, and hold time. Though the hydrostatic component
of stress is maintained equal for both specimens, the specimen with
additional shear or deviatoric stress (the HTCed specimen) is ncarly
fully dense. The HIPed specimen shows noticeably higher porosity
(99.5% dense). The ramp up pressure profile for each sample was
chosen ¢o be as close to the final gas pressure as possible whea the
final temperature was achieved. This gas pressure for the HTCed
sample is less than that for the HIPed sample, since a part of the final
hydrostatic stress on the HTCed sample is imposed oaly when the axial
load is applied. Thus one would expect that the HiPed sampie was
more dense than the HTCed specimen at the beginning of the 30 minute
hold. Even so, a dramatic increase in deasity is seen for the HTC
process; virtnally no pores are visible in the HTCed sample.

‘The composites were processed to achieve full deasity in order.
to observe any alignment of or damage to the reinfarcing phase (SiC).
Figure (6), a scanning electron micrograph of the HIPed composite
sample shows no preferential alignment of the SiC particles, while the
HTCed sample in Figure (7) shows a marked vertical alignment of the
SiC (the direction of the axial force is horizontal). Figures (8) (HIPed)
and (9) (HTCed) show that particulate fracture is actually enhanced by
HTCing for the particular processing parameters used here. Figure (10)
is a higher magnification scanning electron micrograph of a fractured
SiC particle after HIPing, showing displacement and rotation of the
SiC fragments after fracture.

4. IMPLICATIONS FOR MODELING OF
DENSIFICATION PROCESSES

Following Coble [13) we shall define stage one as the range of
densification up to the transition to isolated porosity, at which point
siage 2 begins. Helle, et al., [4) define this transition at approximately
D=09. Since the experiments here included significant ramp time
prior to the application of the axial force, the porosity is assumed to be
isolated during the triaxial part of the test. Thus only the final stage of
densification is of relevance here,

The micromechanisms operating in HIPing are identified by
Wilkinson [14] as power law creep, plasticity, and diffusion. Helle, et
al, [4) extend the analysis to include Nabbaro-Herring-Coble creep and
grain growth effects. The addition of shear is expected to modify these
mechanisms and possibly their interactions. As a first estimate, the
possible shear-caused densification enhancement mechanisms operating
in the final stage include:

1. Ennanced viscous collapse of pores, causing power law
or diffusional creep to be the dominant mechanism to
higher densities.

2. Enhanced diffusional dessification.

Activation barrier for creep is achicved even at high

deasity.

4. Increased time independent plastic flow.

w

Specimen Composlition Time (br) | Temp (*C) | T(MPa) | S(MPa) | 0y (MPs) 3 (MPs) D"n.l(%)
1A Ti-6Al-4V .5 850 117 0.0 117 0 99.59
1B Ti-6Al4V .5 850 89.7 169 116 79.3 99.84
2A Ti-6Al4V +~20% SiC .5 850 135 0.0 135 0 100
2B Ti-6Al4V +-20% SiC 5 850 101 180 128 79.3 100

TABLE 1. Experimental conditions, stress states, and densities for HIPed (1A2A) and HTCed (1B,2B) compacts.
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Fig. 10 Displacement and rotation of SiC particle
fractured during processing in specimen 2B (HTCed),

The following is a short discussion on each possibie effect and
appropriate equations to illustrate the potential for volumetric strain and
strain rate enhancement resulting from deviatoric stress:

Viscous collapse of pores - Pores can collapse (or grow) by power
law (PLC) or diffusional creep of the surrounding material. In the
simplest case, a spherical pore (physically realistic in the case of rapid
surface diffusion) is seen to be compressed at a higher rate when the
hydrostatic stress state is imbalanced by a shear. In the hydrostatic
case, the local deviatoric strains caused by the porosity become smaller
as the theoretical density approaches 1 and the amount of material o
move (per the boundary condition for pare spacing) increases relative to
the pore size. Thus, at some point as D31, it is expected that the
contribution of creep to compaction approaches zero and may actually
be be zero. Under HTC conditions, since the hydrostatic stress state is
imbalanced, the entire compact should continually exhibit some creep,
even at D=1. Dislocatons would move more easily in the
geometrically constrained regions around the pore. Further, the climb
processes in the bulk during creep may contribute to the flux of atoms
1o the pore through vacancy elimination. The equation of Norton's Law
for multiaxial creep

= gto@/ao)n'lo’ij /oy )]
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illustrates the role of the effective stress at a microscopic level. If an
increase in effective stress is realized through the addition of a
macroscopic, far field, stress, then the densification rate is expected to
increase.

Several models exist through which the effect of a far ficld stress on a
pore can be analyzed. Wilkinson [14) presents a simple model for the
spherical pore, hydrostatic pressure case, Hellan (15)] presents a model
for sphere growth in non-hydrostatic creep, Budiansky, et al, [16] and
Banks-Sills and Budiansky [17) present a model for any axisymmetric
strain state. The complexity of the Budiansky model makes a first
analysis easier if we assume that the pore remains roughly spherical,
the rate of collapse is giver by [16]:

i._ _3;,_{3_3..’511-1504-0.4031!'61}“ »ao)
V 2012 o?
Using the relationship
D= D(LD)% an

results in

b= D(1-D) 2o {3_(21 + (1(0+0.4031) 1 " a2
20s l 2n n*

This equation predicts no contribution to densification from shear stress
when the material is linearly viscous and spherical porosity is
maintained. But when, for example, n=4 and the stress state is taken to
be that for our specimens 1A and 1B the ratio of densification rates can
be estimated, using equation (12), as:

D_‘ﬂm_ = 425 a3)
Dyaqrp)

So the closure rate for the porosity in the final stage is 1-2 orders of
magnitude higher for the HTCed compact. Constraining the pore to
remain spherical in the HTCed sample is thought to give a lower bound
estimate for this ratio.

Enhanced diffusional densification - In present models for both stress
assisted diffusional sintering {4,13] and for diffusional void growth in a
creeping matrix [18] the predicted volumetric strain rate is linear with
normal stress on prior particle boundaries. Thus, these models predict
that constant hydrostatic stress should define a unique volumetric strain
rate regardless ot deviatoric stress. But, when the material is
simultaneously creeping, coupled mechanism effects may arise.

The most obvious effect is the predicted pore collapse to 8
penny shaped crack [16,17) during creep in a non-hydrostatic
macroscopic stress field The curvature of the pore will be changed and
thus the driving force for difﬁ:simal;ﬂow (13]

Yr. + E )

will be increased in the plane of maximum P, where v is the surface
enezgy of the pore, r is the radius of curvature, P is the applied normal
stress and is equal to S in the plane of minimum r. The contribution is
small though (10% at r=0.6¢tm when y=2 J/m2 and S=100MPa) and
depends on the competition between surface diffusion (spheroidizing the




pore) and creep (closing the pore to a penny shaped crack). It is also
unknown what the integrated effect is around the entire pore; curvature
is increased in some directions and decreased in others. No high aspect
ratio pares were observed in the HTCed compact (1B).

The second possible effect is that of creep on the stress
distribution to modify the diffusion potential gradient. An analysis has
yet to be made on this coupled effect.

Activation Energy Barrier to Creep Achieved - It is well known that,
under some circumstances, crecp requires a minimum effective stress o
operate. In some materials this barrier could be a constraint to final
stage densification in the HIP process as the material far from pores
becomes subject to a more hydrostatic state of stress. The macroscopic
effective stress introduced by HTC would circumven: this barrier,

i - Yield functions for porous
materials are generally of the form [19]
AG + Bal = 8Y, s
where A,B, and 8 are functions of density and Y, is the yield stress of
the fully dense material. The plot of the yield function in figure (11)
shows that yielding by o, alone is increasingly difficult. If yield
surface normality is considered, the plastic strain vector for a8 combined
hydrostatic and deviatoric loading has a component along o,,. Thus
densification is stimulated at a lowera, than for ©=0. This is
especially important where D is close to unity since, as
D1, o, (yieldy oo,

dep

D\lD
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2 D3

L
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Fig. 11 Yield surface for a porous material. Yq is the
yield stress of a 100% dense specimen. The plastic strain
vector, d€p, is shown normal to the yield surface. With
the addition of shear stresses, plastic strain in the
volumetric direction is stimulated at a lower hydrostatic
stress than required in the absence of shear. Note:
D4>D3>Dp>Dy.

5. CONCLUSIONS

1. A Hot Triaxial Compaction apparatus has been built to study
consolidation under triaxial stress states at elevated temperatures.

2. Enhanced second stage densification was observed in HTCed Ti-
6Al-4V spherical powder compacts compared to comparable HIP
compacts.
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3. Hot triaxial compacted pariculate composites were observed 1o
exhibit greater particle alignment and increased ;artilcle fracture than
comparable HIP processed composites.

4. Densification is enhanced through creep and plastic flow
mechanisms by the addition of a macroscopic deviatoric stress
component to the usual HIP process. The effect of shear on diffusional
densification is not clear.
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TASK 2

High Temperature Structural Materials

H.J. Rack, Investigator

Task 2 of the URI on High-Temperature Metal Matrix Composites, the task title of which is
"Modeling of Consolidation and Deformation Processing of Composites”, was conducted at
Clemson University in the form of three sub-tasks. The Annual Report for this Task consists of
separate summaries for each of the three sub-task projects. They are listed below, with the titles of
the summaries reflecting the topics of the individual projects. The first sub-task was an
investigation of titanium aluminide alloys, including those of Ti-Al-V composition as well as the
more widely studied Ti-Al-Nb-V alloys, with the intent to apply this knowledge to development of
aluminide-matrix composites. The second addressed the need to understand and improve
interfacial behavior and control of bonding between reinforcements and matrix in metal matrix
composites, with emphasis on development of coating selection and application methods. The
third sub-task was a study of two model composites, TiC-reinforced Inconel 718 and SiC-
reinforced Mg-6 Zn, with a view to understanding their stability against coarsening. In both cases,
the matrix alloy is a well-studied material, particularly the 718, which is a widely-used nickel-base
superalloy of intermediate temperature capability. The particulate reinforcements of TiC and SiC,
which are relatively stable in the respective alloys, were studied to understand changes, if any, in
precipition sequences and coarsening in the composites, relative to normal alloy matrices.
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OBJECTIVE

This task’s objective was to achieve a fundamental understanding of the
elevated temperature flow and fracture behavior of metal matrix composites.
High temperature flow behavior is being approached through a detailed
examination of the temperature-~strain rate behavior of selected titanium
interametallic matrices and composites. Parallel studies included
reinforcement-matrix interactions, and matrix stability, precipitation and
coarsening.

This report covers the pericd 1 January 1987 through 30 September 1890.
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SUB-TASK 1

ELEVATED TEMPERATURE FLOW BEHAVIOR
OF TITANIUM INTERMETALLIC ALLOYS

H. J. Rack, M. Long, E. Wachtel and J. Wung

This sub-task was designed to examine the high temperature flow and
fracture behavior of titanium aluminide alloys intended for use as either
monolithic materials or as matrices for advanced metal matrix composites.

The thermodynamic stability of selected titanium aluminide alloys has been
examined, with high temperature plasticity studies continuing under ONR/DARPA

sponsorship.

INTRODUCTION

Titanium intermetallic compounds, TiAl, and Ti3Al, offer great potential
for elevated temperature application either as monolithic alloys or as matrix
materials for fiber reinforced metal matrix composites. To date their
application has, however, been limited by their low room temperature
ductility and fracture toughness.

Various authors have suggested that the deformation behavior of these
compounds can be enhanced through both alloying and appropriate
thermomechanical treatment(1,2). Alloying involves introcauction of ternary
and quaternary elements which may enhance ductility and fracture toughness
through either a change in the bond strength, for example, in Y allcoys by a
decrease in the c/a ratiu or the cell volume, or through the introduction of
a second phase, e.g., B8 in @ and ap, B in Y alloys.

Alternatively, it is envisioned that thermomechanical procedures can be
utilized to control the metallurgical structure, e.g., the grain size,

dispersion of B in ap, lamellar/Y plate thickness in Y alloys, etc., all
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factors which appear to contribute to the ductility and fracture toughness
behavior of ay and Y.

ap Ti3Al and Y TiAl have ordered hexagonal DOjg and face centered
tetragonal Ll, crystal structures, respectively, and exhibit a wide range of
homogeneity, Figure 1. While the phase diagram shown in Figure 1 is still
the subject of continuing investigation(3-8), it does indicate that on
heating both a; and Y undergo a series of transformations, e.g., a; -> ap 8
-> B. Clearly, if optimimal use of thermomechanical processing procedures is
to occur it 1is therefore important that processing be coupled with a
knowledge of phase stability at elevated temperature.

The current investigation was designed to consider both effects in a
series <f ay and Y titanium aluminide alloys, with primary emphasize beiqg
piaced on establishing a fundamental basis for describing the elevated
temperature flow behavior of these systems under strain, strain rate and
temperature conditions typical of those expected during thermomechanical
processing. It was intended that these results form the framework for design
of appropriate thermo-mechanical processing treatments aimed at optimizing
the mechanical performance of a> and Y titanium aluminide alloys. Both
commercial ap, Ti-24Al-11Nb/Ti-25A1-10Nb-3V-1Mo, and model ap and Y alloys

have been included in this study.

EXPERIMENTAL PROCEDURES

Materials

Ti3Al, ap, and TiAl, Y, alloys are being examined in this investigation.
The a; alloys included compositions representative of both the Ti~Al-Nb and
the Ti-Al-V systems. The latter, together with appropriate Y alloys we~e

selected following examination of available isothermal sections of the Ti-Al-
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V ternary system, Figure 2, with the desire to examine the elevated
temperature plastic flow behavior of relevant multi-phase alloys, e.g., @y,
e +a @ + 8, ap + Y, ap + ¥ + B, Y + B. Chemical compositions of the
alloys are tabulated on Table 1.

The @y Ti-Al-Nb intermetallic alloys, furnished by TIMET, Inc.,
Henderson, Nv., were received as 6 in. thick slabs having been hammer forged
at 1260°C from 7500 1lb. triple vacuum melted production heats; the ap and Y
Ti-Al-V alloys were prepared by TIMET as 30 lb. triple vacuum melted ingots.

Microstructural Characterization

Microstructural characterization of the as-received titanium
intermetallic alloys involved optical, scanning and analytical transmission
electron microscopy, thermal analysis (DSC and DTA), and X-ray diffraction.

Preparation of optical microscopy samples involved standard
metallographic procedures with final etching in Kroll’s reagent. Scanning
electron microscope samples were prepared in a similar manner, however they
were examined without etching utilizing a JEOL 848 operated in the
backscattered mode. Spot mode energy dispersive X-ray spectroscopy and NBS
traceable standards for pure Ti, Al and V, facilitated determination of the
chemical compositions of the various phases present in the Ti-Al-V system.

An Omnitherm Kigh Temperature Thermal Analysis system was utilized for
thermal analysis. The chemical reactivity of the titanium alloys required
that these experiments be performed in a Ti gettered UHP Ar atmosphere,
maintaining the O concentration below 1 ppb. Heating rates of 20°C per
minutes over the temperature range 100 to 1400°'C were employed.

Finally, phase identification is continuing at the High Temperature
Materials Laboratory, Oak Ridge National Laboratory, utilizing CuKa radiation
and either a room temperature Scintag PAD-5 diffractometer or an elevated

temperature Scintag PAD-10 diffractometer.
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Figure 2: Isothermal Sections of Ternary Ti-Al-V Phase

Diagram(9). (a) 800°C and (b) 1000°C.
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weight % Ti

(b) 1000°C




Ti-Al-Nb

24A1-11Nb

25A1-10Nb-3V~-1Mo

Ti-Al-V

30Al1-4V

30A1-10V

40A1-4V

43A1-4V

43A1-7V

43A1-15V

53A1-4V

73

TABLE 1

Chemical Composition

Element (wt., pct)

Al Nb v Mo Fe o} N

14.25 21.3 - - 0.05 0.09 0.012

14.6 20.0 3.3 2.1 0.08 0.08 -

20.25 - 4.97 - 0.075 0.170 0.007
20.4 - 11.6 - 0.135 0.063 0.008
27.95 - 5.11 - 0.093 0.085 0.004
30.5 - 5.03 - 0.091 0.076 0.004
30.55 - 8.92 - 0.095 0.067 0.006
30.45 - 19.8 - 0.12 0.056 0.012
40.05 - 4.83 - 0.084 0.123 0.003

0.027
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Elevated Temperature Mechanical Characterization

Figure 3 shows the elevated temperature mechanical characterization
system that has been assembled to support this activity. It consists of the
following principal components, an MTS 110 kip servo-hydraulic system with
associated MTS 458 electronics, a Nicolet digital storage oscilloscope -
suitable for high speed data acquisition, a Centorr 2000°C, inert atm.-
hydrogen-vacuum furnace and an Ametek mass spectrograph. This system has
been integrated with a 286/14 MHZ, personal computer which maintains system
control while allowing constant true strain rate testing at elevated
temperature. Development of this apparatus has also necesitated design of
both high temperature compression platens, which consist of MoHfC rods with
SiC/MoSi, inserts, and extensometry. Temperature measurement utilizes either
type C thermocouples or optical pyromci:iy, with control provided through a
programmable Honeywell UDC 5000 controller.

Finally, a high temperature air environment system has been assembled.
This system again employs a computer controlled MTS 880 system equipped with

a large bore, rapid response 1500°C ATS furnace.
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RESULTS and DISCUSSION

Optical Microscopy

Figures 4 and 5 illustrate the as-received microstructure of the Ti-Al-
Nb alloys. Ti-24al1-11Nb, consisted of uniform blocky @y in a transformed B8
matrix. In contrast, Ti-~25A1-10Nb-3V~1Mo had a finer, although non-uniform
microstructure consisting of acicular and blocky @y in the matrix, with a; of
varying thickness’ lieing along grain boundaries.

Optical micrographs of the Ti-43A1-4V, Ti-43A1-7V, and Ti-43Al-15V are
shown in Figures 6 thru 8, respectively. These illustrate the coarse grained
structure of the as—-cast alloys which transforms to a fine microstructure
upon cooling. 1In addition they show that increasing V content, from 5 to 20
wt. pct.(4 to 15 at. pct), results in the gradual coarsening of this fine
platelet microstructure. In additicn, Figure 8, suggests that this alloy
contains three phases, which, after etching in Kroll’s reagent, appear as a
dark, internally structured phase, a light matrix and a precipitate phase
within this matrix.

Scanning Electron Microscopy

The principal focus of the scanning electron microscopy studies was to
establish the chemical ccompositicon limits of the primary phases identified
previcusiy Ly cptical microscopy. Typical results from Ti-42a1-15V are
surmarized in Table 2. These cbservaticns confirm that this allcy is three
phase under the conditions examined. The darker etching phase seen in Figure
8, presumably Y, is enriched in Al and depleted in V, while the light etching
matrix, presumably B, is enriched in V and depleted in Al. The third phase
which appears as islands within the 8 matrix, illustrates the substantial
solubility of V in what is presummably a-, in agreement with earlier reports
in Ti-AI-Nb(l1{). Cther alloys are currently being examined utilizing this

technique, as well as analytical transmissicn electron microscopy.
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TABLE 2

Chemical Composition of Phases in Ti-43Al1-15V

Element wt.pct(at. pct)

Ti Al v
Dark(Y) 54 (44) 33(46) 13(10)
Matrix(B) 40(36) 20(30) 40 (34)

Islands (ay) 54 (47) 23(3¢) 23(19)
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X~-Ray Diffraction

Figure 9 shows a typical X-ray diffraction trace obtained from Ti-25Al-
10Nb-3V-1Mo. This data as well as similar observations from Ti-24Al1-11NDb,
Ti-43A1-(4-15)V are summarized in Tables 3 and 4. The results for Ti-24Al-
11Nb clearly indicate that this alloy containsg, at a minimum, three (3)
phases, a3, B8/B2, and an orthorombic phase. Similar results have been
reported by Kestner-Weykamp et al.(ll) who showed that, at room temperature,
this alloy may contain ap, B, B2 (an ordered CsCl structure) and an
orthorombic phase depending on prior thermomechanical history. The X-ray
data obtained from Ti-25A1-10Nb-3V-1Mo suggest that while there may be a
small quantity of the orthorombic phase present, note the satellite peaks
observed at 2Theta values of 75.6, 77.5 and 78.8, it is essentially two
phase, a» + B. Finally, Table 4 indicates that the Ti-43Al-(4-15)V alloys
contain ap+Y, ap+Y+B, and Y+B, respectively, in agreement with earlier phase
equilibria studies.

Thermal Analvsis

The a- + B -> B transformaticn temperatures suggested by Strychor et
al(l2) are in excellent agreement with those observed by differential
scanning calorimetry in Ti-24Al-11Nb and Ti-25A1-10Nb-3V-1Mo, with increasing
B sclute ccntent decreasing the ap + B -> B transformation temperature,
Figure 10. Further study indicates that a series of other transitions are
ckserved in these alloys, e.g., between 500 and 800°C, at approximately 850°C
in Ti-24Al-1iNb and at approximately 1300°C. Detailed analysis of these
reactions are continuing.

Differential scanning calorimetry of the Ti-43A1-(4-15)V alloys, Figure
11, appears far simpler, with three principal transition observed. A low

temperature reaction appears centered about 650°C, ancther starting at
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Table 3
X-Ray Diffraction Results Ti-Al-Nb Allcys

Ti-25A1-10Nb-3V-1Mo

200ps Yobs deal phase hkl I/Iy
35.54 2.524 2.529 a2 020 14
2.531 orth 220
36.71 2.446 2.474 a2 111 6
2.442 orth 131
38.65 2.328 2.330 a2 002 100
2.325 orth 002
39.62 2.273 2.277 £./B2 011 34
40.56 2.223 2.223 a2 021 99
2.223 orth 221
53.50 1.712 1.714 a2 022 5
1.721 orth 222
54.40 1.685 1.686 a2 030
1.687 orth 330
62.50 1.485 1.485 a2 013
1.483 orth 312
63.00 1.474 1.478 a2 122
1.475 orth 400
68.40 1.370 1.371 a2 113
1.372 orth 203
71.00 1.326 1.324 a2 023
1.322 orth 22
71.40 1.320 1.315 B/B2 112
74.80 1.268 1.264 a2 040
75.60 1.257 1.265 orth 440
77.50 1.231 1.236 orth 412
78.30 1.220 1.22 a2 041
1.221 ortl 441
79.80 1.714 1.217 orth 303
79.20 1.238 1.206 al 12
1.208 orth 3:3
12.79 1.105 1.265 ol 004 S
1.1¢5 cre 432
§5.30 1.137 1,135 al 014
5.60 1.134 1.138 B,/ B2 022
1.138 orth 024
87.2 1.117 1.125 2 231
87.50 1.114 1.111 2 042
1.111 orth 124
88.00 1.109 1.111 2 042
1.111 crth 442
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Table 3 (Cont.)

Ti-24A1-11Nb

phase

a2
orth
a2
orth
B/B2
orth
a2
orth
orth
a2
orth
a2
B/B2
orth
o2
orth
orth
a2
orth
a2
orth
orth
orth
orth
a2
B2
orth

orth
a2
a2
B/B2
orth
orth
a2
orth
a2
orth
a2

hkl

02¢
201
002
002
011
012
021
221
041
012
112
120
111
240
112
202
320
121
241
022
222
321
410
341
220
012
322

430
131
023
112
223
342
040
412
222
303
041

I/Iy
70
217
19

100

13

21

13

13
14

~
<

17
21

13
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.8430
.4759
.3147
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.3145
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Table 4

Ti~43A1~4V
Structure

Llg
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Ti-43A1-7V
Structure

Llg
D039
BCC
Llg
L1,
Llg
Ll
DOy
BCC
Llg
D019
Llg
D019
BCC

o
—
1)
ol
(0]

ONWBNNMNDMEFEFNMNONORKDNLK
ONHONMNOHOOOOOR O
SN PRPFHFNMNONMNDNMNNONRKENKE OO

Plane

O O NS WHNDNDNNDNOOOK
D OMNOH B ONOCOOKRH O
e DR PR NMNWONONEFEDNKF




20obs

31.
38.
.594

40

44,
45,
55.
65.
66.
.507

78

78.
.448

83

905
991

730
606
907
741
415

736

[ e =L L S M)

dobs

.8025
.3081
.2205
.0244
.9875
.6435
.4192
.4064
L2173
.2016
.1574

dcalc

.81
.31
.227
.04
.99
.65
.424
. 407
.224
.203
.158

R R R EERRESENDNNON

95

Table 4 (cont.)
Ti-43A1-15V

Structure

Llg
Llg
BCC
Llg
Llg
L1,
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Llg
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1125°C and a final transition at 1310°C. The latter appears to be related to
the Y to a transition reported by McCullough et al.(7), while the reaction at
1125°C appears to be associated with the B to a transforamtion. Finally, the
origin of the low temperature reaction is still questionable, however it

should be noted that a similar reaction has been observed in all alloys.
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SUB-TASK 2

FIBER-MATRIX INTERACTIONS

H. J. Rack, H. G. Spencer, J. P. Clement and K. T. Wu

This sub-task examined the potential for modifying and controlling the
chemical and mechanical performance c¢? the fiber-matrix region thru the dse
of sol-gel coatings. A generalized methodology was developed for selecting
and applying the appropriate coating. The procedure results in a uniform,
homogeneous, nanocrystalline oxide coating which can be tailored to the
particular application and which can be applied to continuous reinforcements,
either in the form of tows or individual fibers, or to discontinuous
reinforcements, e.g., SiC whiskers. Furthermore, it has been shown that this
coating procedure is not limited to composite reinforcements but can be
applied to any surface to control wettability, wear resistance, etc.

Based on this effort the following appended manuscripts have either been
submitted, accepted or published:

Submitted:

K. T. Wu, H. G. Spencer and H. J. Rack,"Surface Modification of SiC

Whiskers", Scripta Metallurgica, submitted October, 1989.

Accepted:
J. P. Clement, H. J. Rack, K. T. Wu and H. G. Spencer, "Interfacial
Modification in Metal Matrix Composites by the Sol-Gel Process", Materials

and Manufacturing Processes, 1989, in press.

Published:
J. P. Clement and H. J. Rack, "Interfacial Modification G/Al Metal

Matrix Composites™, Proc, Sym, on High Temperature Composites, Am. Soc.

Comp., Dayton, Ohio, June 13-15, 1989.
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P. Chaudhury and H. J. Rack, "Age Hardening of SiC Reinforced Mg-6zn",
Light-Weight Alloys for Aerospace Applications, E. W. Lee, E. H. Chia and N.
J. Kim, eds.,

The Minerals, Metals and Materials Society, Warrendale, PA., 1989, pp. 345-
357.
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FIBER-MATRIX INTERACTIONS
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This sub-task examined the potential for modifying and controlling the
chemical and mechanical performance of the fiber-macrix region thru the use
of sol-gel coatings. A generalized methodology was developed for selecting
and applying the appropriate coating. The procedure results in a uniforﬁ,
homogeneous, nanocrystalline oxide coating which can be tailored to the
particular application and which can be applied to continuous reinforcements,
either in the form of tows or individual fibers, or to discontinuous
reinforcements, e.g., SiC whiskers. Furthermore, it has been shown that this
coating procedure is not limited to composite reinforcements but can be
applied to any surface to control wettability, wear resistance, etc.
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INTERFACIAL MODIFICATION G/Al METAL MATRIX COMPOSITES
by

J. P. Clement and H. J. Rack

ABSTRACT

Successful develomment of metal matrix camposites has been limited by
two recurrent problems: reinforcements are difficult to wet by molten
metals, and chemical reactions take place at the fiber-matrix interface.

Detailed examination of thermodynamic ard kinetic data suggest that it
should be possible to develop either a matrix camposition or interfacial
barrier coating which pramotes wetting, while simultaneously reducing
interfacial interaction.

The current study has developed a procedure to coat carbon reinforce-
ments with a thin. crack-free, protective oxide layer using a sol-gel
technique, emphasis in this investigation being placed on TiOp coating for
inclusion in an aluminum metal matrix.

The effect of the solution camposition and coating procedure on the
coating uniformity, structure, and thickness were investigated. Fiber
coating were performed utilizing high strength PAN base carbon fibers, with
the coated fiber preforms being infiltrated by pure liquid alumirmum.
Subsequent. examination included energy dispersive x-ray analysis, optical
and transmission electron microscopy of the fiber-matrix interfacz.

INTRODUCTION

Continucus carbon fiber-aluminum alloys, if properly integrated, form a
class of metal matrix camposite materials whose oroperties may be tailored
to satisfy many demanding structural requiremer s. These lightweight
camposite materials exibit high strength and stiffness, high thermal and
electrical conductivities, and do not outgas in a vacuum. Unfortunately,
carbon is difficult to wet with liguid alumimm at moderate temperatures,
that is at less than 500°C, while at higher temperatures Als4C3 formation
occurs at the fiber-matrix interface [1]. Fommation of the latter causes
the strength of the camosite to decrease [1].

TiBy coating applied by Chemical Vapor Deposition (CVD) is the approach
currently used to prepare continuous C-Al carposites [1,2]. Although CVD
processing has been sucessful it is difficult to obtain a unifomm coating
arourd the circumference of each fiber using this process [1]. The fibers

J.P. Clement, formerly Graduate Student, now Materials Research Engineer,
Aercspatiale TX, 78130 Les Mareaux, France, and H.J. Rack, Professor of
Mechanical Engineering and Metallurgy, Clemson University, Clemson, SC
29634-0921. :
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must be well separated in order to avoid the problem of shadowing—when one
fiber overlaps another and prevents it from being coated properly. In
addition, this coating process is carried out at high temperature, and
usually degrades the carbon fibers. .

Another serious problem with a TiBj coating is that it is not air
stable. The coated fibers cannot be exposed to air before immersion in the
molten alumimum, otherwise wetting will not take place [1,2].

Katzman [2] has recently suggested an alternative approach for the
preparation of C-Al camposites, one utilizing SiOp sol-gel fiber coatings.
This investigation has extended this effort focussing on TiOp sol coatings.
TiO; was selected based upon its thermodynamic stability with respect to TiC
formation, the known ability of Ti to enhance the wettability between metals
and ceramics, and its ready availability in the form of a metal alkoxide
precursor, titanium isopropoxide (TIP) [3,4].

The objectives of this research were to establish parameters for
producing thin uniform TiOp sol coatings on carbon fibers, to demonstrate
the ability of aluminum to wet the TiO; surface, to evaluate the effect-
iveness of the coating as a diffusion barrier to prevent Al4Cj3
formation, and finally, to examine any interfacial reaction products.

EXPERTMENTAL PROCEDURE

Sol preparation involved cambining selected amounts of water and
hydrochloric acid in a beaker containing 2-propanol and thoroughly mixing
for 5 min to obtain the desired concentration. The required amount of
titaniun (IV) isopropoxide (TIP) was then added to the solution, and the
solution was stirred in a covered beaker for at least 1 hr.

Glass microscope slides, carbon coated slides, and sapphire crystals
were utilized to establish the initial sol-gel coating procedure. The
slides and/or unsized PAN 650/42 carbon fiber tows were dipped into the
coating solution for 1 min and withdrawn vertically at a constant speed.
They were then dried at 60°C and fired in air at temperatures varying fram
300°C through 700°C. Same carbon fiber samples were also fired in a carbon
monoxide (CO) atmosphere at 700°C.

Potential C-Al interactions were examined utilizing squeeze cast pure
aluminum camposites containing 12 v/o carbon fibers with the temperature of
the preformm being selected to minimize the infiltration pressure [5]. The
cooling rate of the infiltrated samples was approximatively 7°C/min,
pressures as low as 50 psi being used to infiltrate the fiber preforms.

Optical metallography was performed on samples after infiltration in
order to establish the fiber dispersion and to qualitatively define the
amount of reaction at the fiber-matrix interface. Camposite thin foils were
then prepared by mechanical thinning and ion milling, and observed utilizing

_a TEM JEQL 100C, and a Philips 420 equipped with a PGT EDX analysis system.

RESULTS AND DISCUSSION

Coating Evaluation

Thermal Effect
Once a substrate is coated, the heat treatment—-drying and firing—is
most critical. The DSC results shown in Fig. 1. revealed that drying—
evaporation of the solvents—occurred between roam temperature and 200°C,
with maximm desorption of solvents at 125°C. Above 200°C, the desorption
of the solvents was camplete, the weak exothermic peak found at approxi-
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mately 300°C being probably due to carbonization of the remaining OR groups
(6]. A second weak exothermic peak due to the amorphous-anatase phase
transformation, was also observed at approximately 420°C. The accampanying
TGA observations, confirm that the maximm weight loss, 25%, occurs during
drying, with the weight loss between 200°C and 400°C being smaller—
approximately S%. Above 400°C the weight loss is negligible.

Coating Thickness

Coating thicknesses, as determined initially on glass slides, depend
upon the TIP concentration of the solution, the speed of withdrawal of the
samples from the sol, the mumber of dips of the samples in the solution, and
the firing temperature, Fig. 2. For example, as the speed of withdrawal, s,
increased--—at least within the range of withdrawal speed examined in this
investigation-~the thickness, t, of the coating increased, i.e., t is
proportional to s where n varied from 0.5 to 0.6. It was also observed
that, at constant HyO and HCl molarities, n increased as the TIP
corcentration increased, increasing from approximately 0.50 when the TIP
concentration was 0.1 mol/l, to 0.61 when the TIP concentration was 0.5
mol/l. Finally, increasing the mmber of dips or the TIP concentration lead
to a linear increase in the coating thickness.

Fig. 2. further suggests that the original surface ener— and chemistry
has an effect—albeit a seemingly secondary one—on the coa g thickness.
The initial dip resulted in a surface coating thickness of 25 rm, while each
subsequent dip resulted in an increased thickness of 45 rm. The same
phenonemon was also observed on carbon coated slides, where under identical
corditions, fired sol coatings were thinner than those on clean glass slide.

Successful experiments were conducted on glass slides which produced,
in a single dip, crack free TiO; layer as thick as 200 nm. Above 200 rm,
the coating cracked during the firing step at 300°C. Above 270 rm, layers
even cracked during drying. Sherer [7] suggested that during drying,
stresses arise fram differential strains. These stresses result fram the
fact that, due to differences in permeability, the exterior and the interior
surfaces do not shrink at the same rate. The stresses can be quite large
for organametallic gels, exceeding the coating strength. However, thin
films do not crack during drying; presumably because the stresses associated
vith differential shrinkage are relieved by strain relaxation [7].

Coating Structure

Experiments conducted on scratched glass slides revealed that polymer-
ization was disturbed by substrate topography. Surface roughness caused
imperfections in the coating uniformity, with enhanced hydroxide particle
mucleation being associated with surface imperfections.

The effects of firing for 15 min on the coating crystal structure were
. determined for temperatures up to 700°C. Coatings—150 rm—were prepared on
sapphire substrates utilizing the procedure described earlier. Coatings
were amorphous as formed, and continued to be so up to 400°C, Fig. 3. At
and above 400°C, crystallinity developed, anatase being the first ordered
phase observed. Mukherjee [8] suggested that the anatase phase mcleates
first because it is structurally closer to the reactant, and that the rutile
phase forms later. The data do not indicate the anatase-rutile phase
transformation, though there appears to be same evidence of the (110) rutile
peak in the 700°C data.




Carbon Fiber Coating

Carbon fibers were coated utilizing the dipping procedures previously
described. The fibers were dipped as tows, 12000 filaments.

A multiple dip procedure at a lower TIP concentration was found to be
much more efficient than a single dip procedure for cbtaining a thin,
uniform coating on the rough fiber surface. The first dip tended to smooth
surface imperfections, and change surface chemistry allowing the second dip
to deposit a more uniform layer. Multiple dipping also had the advantage of
pemitting gradual solvents evaporation during drying and firing, thereby
resulting in lower residual stresses coating [7].

Because the inclusion of carbon fibers in alumimm was anticipated, the
final firing temperature selected for coated fibers was 700°C. If coatings
were directly heated in air to 700°C they cracked without regard to their
thicknesses. When thin coatings were first fired at 400°C, and then at
700°C in air the appearance of the surface improved. This was thought due
to structure hamwgenization throughout the coating thickness [7]. When
fired directly at 700°C, at a rapid heating rate, the coating surface was
presumably crystalline and the interior of the coating was still amorphous,
and not as dense. Consequently, a high stress gradient was created
throughout the coating thickness causing coating fracture. When fired first
at 400°C, the coating structure hamogenized under a smaller stress gradient,
and was then better able to withstand the second firing at 700°C.

Selective firing between dips also improved the coating uniformity.
Optimally the intemmediate firing temperature should be kept as low as
possible, i.e., 400°C, to minimize the exposure time of the coated fibers to
high oxidizing temperatures. Coatings can still be fired if necessary at
700°C after the final dip.

Coatings on PAN fibers were uniform and crack free when fired in air
for 15 min at temperatures below 650°C. At higher temperatures, however,
coatings fractured, Fig. 4. In contrast, when fired at 700°C in a OO
atmosphere the coatings did not crack. Summarizing, the best coating
results were obtained using a multiple dip procedure with 400°C as the
intermediate firing temperature, and 700°C in CO being the firing treatment
after the final dip, Fig. 4.

The importance of firing atmosphere can be considered on a thermo-
dynamic basis. Thermodynamic calculations show that in air the following
reaction can take place at temperatures as low as 650°C [9].

TiOp + 3C —> TiC + 200
In contrast, in a OO atmosphere TiOp is stable with respect to TiC formation
at temperatures higher than 1200°C.

Stronger gels may also be formed when fired in a 0O atmosphere because,
in the presence of oxygen, residual temminal bonds are not forced to share
.oxygen and, will therefore, create a looser oxide network [10]. Thus under
a (0 atmosphere, the following reaction takes place, and stronger coatings
were produced.

Ti-CH + GH-Ti ——> Ti-O-Ti + HZ0
These coatings are then able to better withstand the thermal stresses and
the structure transformation occuring during firing.

Finally, the surface of all crack free coatings produced on fibers
appeared very smooth. The coating grains were not visible under SEM, in
contrast to coatings applied by sol-gel on Al;03-Saffil fibers by An and
Lutman [11].
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Examination of the Interface Fiber-Matrix

‘nransve.rsecrosssectionsofcastcanposit&smvealedthat.:Tioz ]
coatings enhanced the wettability of the fibers bymltt—_zn alxmu.rn;m, Fig. 5.
In the case of non-coated fibers, the fibers were not dispersed in the

matrix.

when coated caroon fibers were used, however, the fibers were

dispersed. The fiber distribution was however non-uniform due to the effect
of the alumimm flow during infiltration.

Initial casting experiments were conducted with coated fibers directly
fired at 700°C in air. The coating was already cracked in same places
before infiltration, and a large Al4C3 layer, 250 rm, was formed at the
interface fiber-matrix. No Ti was found close to the interface; however,
sawe was found in the matrix away from the fibers. The precracked coating
was probably separated fram the fiber during the infiltration process, the
fibers were then unprotected and in contact with molten aluminium causing
the formation of carbides.

Ancther set of casting experiments was conducted using fibers coated
with a 330 nm crack free film fired in (0. This coating was made of three
110 nm layers. Each dip did not cover the whole fiber surface and in fact
the actual average coating thickness was close to 220 rm. Analytical TEM
work and TEM diffraction patterns confirmed that the coating was a very fine
grain—15 mm average—polycrystalline anatase layer, Fig. 6. A small part
of the coating reacted with alumimm to form a 70 mm Al203-Ti layer,
allowing chemical wetting between the coated fibers and the matrix. Notice
that even a thinner coating—110 nm—prevented the carbide formation as

well.

ically the coating should have been campletely reduced by

molten alumimm [9].

3/2 TiOp + 2 Al —> Al,03 + 3/2 Ti

However, kinetic and diffusional effects take presidence and only a
small amount of the coating was reduced, the 70 nm reaction layer preventing
more species fram diffusing. These findings are in agreement with work done
by Katzman [2] and Chin and Numes [12] on Si0Oj sol-gel coated carbon fibers
and magnesium.

CONCLUSIONS

A technique to coat PAN fibers with a crack free, air stable,
protective TiOp layer by the sol-gel process has been developed.
Coating thickness can be controlled by the TIP concentration and
the water content of the sol, the speed of substrate withdrawal,
ard the mumber of dips. Coating thickness is also influenced by
the substrate geametry, chemistry, and structure.

Heat treatments reduce the coating thickness arnd change the coating
structure. After heat treatment at 400°C for 15 min coatings reach
their quasi-final thickness and are still amorphous. At tempera-~
tures between 400°C and 700°C the coating is transformed into a
fine grain polycrystalline anatase layer.

100 rm thick TiOp coatings enhance the wettability of PAN carbon
fibers by pure molten alumimum and prevent carbide formation at the
interface fiber-matrix even after 9 min in contact with pure molten
alumimm.

Part of the TiOjp coating reacts with alumimm to form an Al703-Ti
layer allowing chemical wetting and acting as a diffusion barrier.
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Fig. 5. Optical micrographs of pressure-infiltrated samples with (a)
uncoated and (b) coated carbon fibers.

Fig. 6. TEM micrograph of the fiber-matrix interface; (a) alumirum, (b)
reaction layer, (c) TiO; coating, and (d) carbon fiber.
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Abstract

Detailed examination of thermodynamic and kinetic data suggest that it should be possible
to develop an interfacial barrier coating which promotes wetting of metal matrix composite
reinforcements, while simultaneously reducing deleterious interfacial chemical interactions.

The current study has examined the feasibility of developing a procedure to coat graphite
reinforcements with a thin, crack-free, protective oxide layer. Emphasts in this investiga-
tion being placed on sol-gel, TiO2, coated PAN 650/42 graphite for inclusion in an
aluminum metal matrix.

Initially, the effect of the sol-gel composition and coating procedure on the coating unifor-
mity, structure, and thickness were investigated. These procedures were then utilized for
graphite fiber coating, with the coated fiber preforms being subsequently infiltrated by
pure liquid aluminum. Energy dispersive x-ray analysis, optical and transmission electron
microscopy confirmed that no reaction occurred at the TiO2-C interface, while chemical
wetting and formation of a mixed (Al, Ti1)O2 oxide occurred at the TiO2-Al interface.

* Now with Aerospatiale TX, 78130 Les Mureaux, France
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Introduction
Graphite fiber-aluminum alloys form a class of metal matrix composites whose properties
may be tailored to satisfy many demanding structural applications. These hghtrwelght
composite materials exhibit high strength and stiffness, high thermal and electrical conduc-
tivities, and do not out gas in a vacuum. However, graphite is difficult to wet with liquid
aluminum at moderate temperatures, less than 500°C, while at higher temperatures Al4C3

formation occurs at the fiber-matrix interface (1). Formation of the latter causes the
strength of the composite to decrease (1).

Normally, graphite fibers must therefore be coated prior to inclusion in a metal matrix com-
posite. For example, TiB2 coatings, as applied by Chemical Vapor Deposition (CVD),
have been extensively used to prepare continuous C-Al composites (1,2). Although CVD
processing has been successful, the fibers must be well separated in order to avoid shadow-
ing -- when one fiber overlaps another and prevents it from being coated properly. In addi-
tion, this coating process is carried out at high temperature, and therefore may degrade the
carbon fibers.

Furthermore, TiB2 coatings are not air stable, that is, coated fibers cannot be exposed to air
prior to their incorporation in aluminum.

Katzman (2) has recently suggested an alternative approach for the preparation of C-Al
composites, one utilizing $i02 sol-gel fiber coatings. Few details are provided by this
author and it is not clear how applicable this technique may be to other sol-gel systems.
The current investigation was therefore undertaken to examine the general applicability of
the sol-gel coating process to the synthesis of interfacial barrier coatings for fiber rein-
forced composites.

TiO1 sols were selected for this program. This selection was based upon the ther-
modynamic stability of TiO2 with respect to TiC formation, the known ability of Ti to en-
hance the wettability between metals and ceramics, and the ready availability of a Ti metal
alkoxide precursor, titanium isopropoxide (TIP) (3,4).

The objectives of this research were to establish parameters for producing thin uniform
TiO2 sol coatings on carbon fibers, to demonstrate the ability of aluminum to wet the TiO2
surface, to evaluate the effectiveness of the coating as a diffusion barrier to prevent Al4C3
formation, and finally, to examine any interfacial reaction products.

Experimental Procedure

Sol preparation involved combining selected amounts of water and hydrochloric acid in a
beaker containing 2-propanol and thoroughly mixing for 5 min to obtain the desired con-
centration. The required amount of titanium (IV) isopropoxide (TIP) was then added to
the solution, and the soluton was stirred in a covered beaker for at least 1 hr.

Glass microscope slides, carbon coated slides, and sapphire crystals were utilized to estab-
lish the initial sol-gel coating procedure. The slides and/or unsized PAN 650/42 carbon
fiber tows were dipped into the coating solution for 1 min and withdrawn vertically at a
constant speed. They were then dried at 60°C and fired in air at temperatures varying from
300°C through 700°C. Some carbon fiber samples were also fired in a carbon monoxide
(CO) atmosphere at 700°C.

Potential C-Al interactions were examined utilizing squeeze cast pure aluminum com-
posites containing 12 v/o carbon fibers with the temperature of the preform being selected
to minimize the infiltraton pressure (5). The cooling rate of the infiltrated samples was ap-
proximatively 7°C/min, pressures as low as 0.35 MPa being used to infiltrate the fiber
preforms.
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Optical metallography was performed on samples after infiltration in order to establish the
fiber dispersion and to qualitatively define the amount of reaction at the fiber-matrix inter-
face. Composite thin foils were then prepared by mechanical thinning and ion milling, and
observed utilizing a TEM JEOL 100C, and a Philips 420 equipped with a PGT EDX
analysis system.

Results and Dis
Coating Evalyat
Thermal Effect. Once a substrate is coated, the heat treatment, drying and firing, is most

critical. The DSC results shown in Figure 1 revealed that drying, evaporation of the sol-
vents, occurred between room temperature and 200°C, with maximum desorption of sol-
vents at 125°C. Above 200°C, the desorption of the solvents was complete, the weak
exothermic peak found at approximately 300°C being due to a chemical reaction, probably
carbonization of the remaining OR groups (6). A second weak exothermic peak due to the
amorphous-anatase phase transformation, was also observed at approximately 420°C. The
accompanying TGA observations confirm that the maximum weight loss, 25%, occurs
during drying with the weight loss between 200°C and 400°C being smaller, approximately
5%. Above 400°C the weight loss is negligible.

13% Weiqht Loss

TGA

10°C /min

ol

(o] 50 100 150 200 250 300 350 400 450 500 S350 600

Endo.+— AT —=<Enxo.

Temperoture (°C)

Figure 1. Thermal Analysis of TiO2 Gel Dried Air at Room Temperature

Coating Thickness. Coating thicknesses, as determined initally on glass slides, depend
upon the TIP concentration of the solution, the speed of withdrawal of the samples from
the sol, the number of dips of the samples in the solution, and the firing temperature, Fig-
ure 2 and 3. For example, as the speed of withdrawal, s, increased - at least within the
range of withdrawal speed examined in this investigation -- the thickness, t, of the coating
increased, i.e., t is proportional to s” where n varied from 0.5 to 0.6. It was also observed
that, at constant H20 and HCl molarities, n increased as the TIP concentration increased,
increasing from approximately 0.50 when the TIP concentration was 0.1 mol/1, to 0.61
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when the TIP concentration was 0.5 mol/1. Measurements indicated that an approximate
30% reduction in thickness should be expected when a dried coating is fired, Figure 3.
The use of higher firing temperatures F (e.g., 500°C versus 300°C) only slightly altered the
final coating thickness. Finally, increasing the number of dips or the TIP concentration
lead to a linear increase in the coating thickness.

3co
b
* °
Ved3 crvmin
200 4
E <)
-
”
: H
= £
] 2 .
£ A TP0.5 moit £
. nMesSS.081 V) Va24 crymin
2 100 o
B: TIP=0.3 moit
n(t) = 4.87 « 055 V) o
C: TPP=0.1 mold
() = 4.44 « 050 (V) 0 — —p——— T — S e o v
I3 T —— 0.0 0.1 0.2 0.3 0.4 .5 0.6

log seed of withdrawal TP concentration mol

Figure 2. Influence of (a) Substrate Withdrawal Speed, and (b) TIP Molarity on Coating
Thickness.

Figure 3 further suggests that the original surface energy and chemistry has an effect, al-
beit a seemingly secondary one, on the coating thickness. The initial dip resulted in a sur-
face coating thickness of 25 nm, while each subsequent dip resulted in an increased
thickness of 45 nm. The same phenomenon was also observed on carbon coated slides,
where under identical conditions, fired sol coatings were thinner than those on clean glass
slide.

Successful experiments were conducted on glass slides which produced, in a single dip,
crack free TiO7 layer as thick as 200 nm. Above 200 nm, the coating cracked during the
firing step at 300°C. Above 270 nm, layers even cracked during drying. Sherer (7) sug-
gested that during drying, stresses arise from differential strains. These stresses result from
the fact that, due to differences in permeability, the exterior and the interior surfaces do not
shrink at the same rate. The stresses can be quite large for organometallic gels, exceeding
the coating strength. However, thinner films do not crack during drying; presumably be-

cause the stresses associated with differential shrinkage are relieved by strain relaxaton (7).

Coating Structure. Experiments conducted on scratched glass slides revealed that
polymernization was disturbed by substrate topography. Surface roughness caused imper-
fections in the coating uniformity, with enhanced hydroxide particle nucleation being as-
sociated with surface imperfections.
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Figure 3. Influence of (a) Number of Dips, and (b) Firing on Coating Thickness.

The effects of firing for 15 min on the coating crystal structure were determined for
temperatures up to 700°C. Coatings, 150 nm thick, were prepared on sapphire substrates
utilizing the procedure described earlier. Coatings were amorphous as formed, and con-
tinued to be so up to 400°C, Figure 4. At and above 400°C, crystallinity developed,
anatase being the first ordered phase observed. Mukherjee (8) suggested that the anatase
phase nucleates first because it is structurally closer to the reactant, and that the rutile
phase forms later. The data do not clearly indicate the anatase-rutile phase transformation,
tijough there appears to be some evidence of the (110) rutile peak in the 700°C data, Figure

4.

Carbon Fiber Coating

Pan 650/42 graphite fibers were coated utilizing the dipping procedures previously
described. The fibers were dipped as tows, 12000 filaments.

A multiple dip procedure was found to be much more efficient than a single dip procedure
for obtaining a thin, uniform coating on the rough fiber surface. The first dip tended to
smooth surface imperfections, and change surface chemistry allowing the second dip to
deposit a more uniform layer. Multiple dipping also had the advantage of permitting
gradual solvents evaporaton during drying and firing, thereby resulting in lower residual
stresses coating (7).

Selective firing between dips improved the coating uniformity. Optimally the intermediate
firing temperature should be kept as low as possible, i.e., 400°C, to minimize the exposure
time of the coated fibers to high oxidizing temperatures.

Because the inclusion of carbon fibers in aluminum was anticipated, the final firing
temperature selected for coated fibers was 700°C. Coatings on PAN fibers were uniform
and crack free when fired in air for 15 min at temperature below 650°C. At higher tempera-

tures, however, coatings fractured, Figure 5.
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Figure 4. XRD on 150 nm TiO2 Coatings Dried at 60°C for 10 min and Fired in Air for 15
min at (a) 300°C, (b) 400°C, and (c) 700°C

Several different factors may have contributed to the cracking observed in TiO7 coated
PAN fibers fired at high temperatures in air. Paramount among these is the firing environ-
ment. Indeed, cracking propensity increased as the exposure time increased, Figure 6.

The fiber diameter also appeared to have been reduced as the exposure ime exceeded one
hour. This hypothesis is supported by the following consideration of the effect of firing en-
vironment on the thermodynamic stability of TiO,-C couples. TiO can react with carbon
fiber forming TiC and oxiding the fibers, i.e.,

TiIO2 +C-->TiC+ 0
O, +2C-->2C0

TiO2 +3C --> TiC + 2CO

or
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TiO2+C->TiIC+02

O +C-->CO2

TiO2 +2C --> TIC + CO2

Figure 5. PAN 650/42 Fibers Dipped Twice in Sol, Dried at 60°C in Humidity Controlled
Atmosphere for 10 min after Each Dip and Fired in Air at (a) 550°C, (b) 600°C, (c) 650°C,
or (d) 700°C After Final Dip

Thermodynamic equilibrium and the reaction rates depend on Pco and Pcoy, i.e.,
AG1 = AGo1 + RT In(Pco)? and
AG2 = AGo2 + RT In(Pco?)

where AG; and AG? are the Gibbs free energy of the reactions, AGot and AGo2 are refer-
ence Gibbs free energy of the reactions, R is the ideal gas constant, and T is the absolute
temperature. These reactions can take place when AGi(T) is negative, that is when
AGOi(T)?iS smaller than RT_IP(Pix). Figure 7 shows that, for samples fired in air, i.e.,
Pco=10"" and Pco2=3.2x10"", TiO2 and C will react at temperatures above 650°C.

Further consideration of these reactions indicates that as Pco approaches one, that is if
firing 1s carried out in a2 CO atmosphere, TiO is stable at 700°C in CO.

Finally, the surface of all crack free coatings produced on tibers appeared very smooth.
The coating grains were not visible under SEM. in contrast to coatings applied by sol-gel
on Al20:z-Saffil fibers by An and Luhman (13).
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Figure 6. PAN 650/42 Fibers Dipped Four Times in Sol, Dried at 60°C in Humidity Con-
trolled Atmosphere for 10 min and Fired at 700°C in Air for 15 min after Each Dip
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Figure 7. Suability of TiO2 in Air with Respect to TiC Formation (9)
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Initial casting experiments were conducted with coated fibers directly fired at 700°C in air.
The coating was already cracked in some places before infiltration, and a large Al4C3
layer, 250 nm, was formed at the interface fiber-matrix, Figure 10. No Ti was found close
to the interface; however, some was found in the matrix away from the fibers. The
precracked coating was probably separated from the fiber during the infiltration process,
the fibers were then unprotected and in contact with molten aluminum causing the forma-
tion of carbides.

Figure 10. TEM Micrographs of the Fiber-Matrix Interface of a Cast Sample; Fibers Fired
at 700°C in Air after Final Dip; (a) Fiber, (b) Al4C3, (c) Aluminum

Another set of casting experiments was conducted using fibers coated with a 330 nm crack
free film fired in CO. This coating was made of three 110 nm layers. Each dip did not
cover the whole fiber surface and in fact the actual average coating thickness was close to
220 nm, Figure 11. Analytical TEM work and TEM diffraction patterns confirmed that the
coating was a very fine grain, 15 nm average, polycrystalline anatase layer, Figure 12. A
small part of the coating reacted with aluminum to form a 70 nm Al203-Ti layer, allowing
chemical wetting between the coated fibers and the matrix, Figure 13. Notice thateven a
thinner coating, 110 nm, prevented the carbide formation as well.

Thermodynamically the coating should have been completely reduce by molten aluminum

9).
3R2Tio2+2Al-->A103+32 T

However, kinetic and diffusional effects take precedence and only a small amount of the
coating was reduce, the 70 nm reaction laver preventing more species from diffusing.
These findings are in agreement with work done by Katzman (2) and Chin and Numes (14)
on SiO7 sol-gel coated carbon fibers and magnesium.
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F:gure 11. TEM Micrograph of the Fiber-Matrix Interface of a Cast Sample; Fibers Fired
ar 700°C in a CO Awmosphere after Final Dip; (a) Aluminum, (b) Reaction Layer, (c¢) Coat- PY
ing, and (d) Carbon Fiber

Figure 12. Diffraction Pattern of (a) PAN 650/42 Carbon Fibers. (b) Coating, (c)
Aluminum Matnx in the (211) Zone Axes: Fibers Fired at 700°C in CO after Final Dip
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Figure 13. EDX Analysis of the Reaction Layer between Matrix and Coating; Fibers
Dipped Three Times in Sol, Using 60°C and 400°C as Intermediate Drying and Firing
Temperatures, and Fired at 700°C in CO after Final Dip

Conclusions

1. A technique to coat PAN fibers with a crack free, air stable, protective TiO? layer
by the sol-gel process has been developed.

2. Coating thickness can be controlled by the TIP concentration and the water content
of the sol, the speed of substrate withdrawal, and the number of dips. Coating
thickness is also influenced by the substrate geometry, chemistry, and structure.

3. Heat treatments reduce the coating thickness and change the coating structure.
After heat treatment at 400°C for 15 min coatings reach their quasi-final thickness
and are still amorphous. At temperatures between 400°C and and 700°C the coat-
ing is transformed into a fine grain polycrystalline anatase layer.

4. 100 nm thick TiO2 coatings enhance the wettability of PAN carbon fibers by pure
molten aluminum and prevent carbide formation at the interface fiber-matrix even
after 9 min in contact with pure molten aluminum.

5. Part of the TiO2 coating reacts with aluminum to form an Al203-Ti layer allowing
chemical wetting and acting as a diffusion barrier.
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Introduction

The development of high temperature, high performance discontinuously reinforced metal and ceramic matrix
composites has often been limited by reinforcement-matrix interactions. For example, attempts to utilize SiC to enhance
the elevated temperature properties of titanium alloys has met with limited success, principally because of thermochemical-
instability, that is SiC and Ti react to form the more stable compounds TiC and TisSi3 [1-5].

Recently Clement et al. [6,7] have demonstrated that thin, contnuous, nano-crystalline, TiO2 coatings can mitigate
such reactions, at least for continuous graphite reinforced aluminum, This development raises the possibility of achieving
control of the interfacial properties of discontinuously reinforced metal and ceramic matrix composites. The research
reported in this study has examined this potential by utilizing the procedure outlined by the latter authors to modify the
surface chemistry of SiC whiskers.

Experimental Procedure

Materials. The silicon carbide whiskers, SiCw, utilized in this investigation were supplied by American Matrix, Inc.,
Knoxville, Tenn. Figure 1 shows that they were generally irregularly shaped rods with most having diameters less 1um
and lengths of approximately 20um. Titanium isopropoxide (TIP) was obtained from Aldrich and the isopropanol from
Fisher; all contained less than 0.015% H20 as determined by Karl Fisher titration [8]. Finally, the hydrochloric (HCl)
acid was reagent grade containing 3.5 moles of H20 per mole HCL

Coating Procedure. Initially, the whiskers were alternately ultrasonically washed in H20 and isopropanol. Following
drying, the SiC whiskers were either (a) heated in air for 30 min. at 383 K, (b) heated in air for 30 min. at 523 K, (c) washed
in concentrated HNO3 for 30 min. at 353 K, followed by drying for 30 min. at 523 K, or (d) heated in air for 2 hours at
873 K.

Two metal alkoxide solutions in isopropanol were examined. One contained 0.1 M TIP, 0.1 M H2O and 0.008 M
HCl, while the other contained 0.5 M TIP, 0.5 M H20, and 0.008 M HC, that is the H2O/TIP ratio was kept constant while
the TIP concentration was increased. Coating was accomplished by placing a sample of the washed SiC whiskers in the
sol, gently stirring, decanting and drying. This latter step was accomplished at 333 K in a sawrated H20 atmosphere for
1 hr. and was followed by finng at 673 K for 15 min. Finally, coating thickness control was achieved by simply repeating
the above procedure, eliminating the pre-wash.

Monitoring. The development of the TiO2 coating was monitored by (a) measurements of the swreaming potential
{91 and (b) scanning electron microscopy. Streaming potential measurements, as illustrated schematically in Figure 2,
involved potential measurement of a SiCw sample placed on a fritted glass filier sealed in a glass tube as a function of the
flow velocity and pH of a 0.001 M KCl solution. Silver/silver chloride electrodes placed on both sides of the sample were
utilized in concert with a high impedance voltmeter to determine the potential. The pH of the solution was adjusted through
the addition of HCl or KOH, the ionic strength of the solution being maintained at 0.001 M. While the magnitude of the
streaming potcntial was a function of the SiCw packing density, the isoelectric point, that is the pH at which the change in
the streaming potential with velocity, dE/QV, is zero, was independent of this parameter and could be used as a measure
of the extent of coating.

Results

Figure 3 shows representative data illustrating the dependence of the streaming potential on velocity at a constant
pH. In general the streaming potential was a linear function of velocity. These data have, together with that obtained for
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uncoated, but washed whiskers, been replotted in Figure 4 to determine the isoelectric point. Clearly, the isoelectric point
has been shifted by exposure to the sol coating process.

The isoelectric point measurements have been summarized in Table 1. These results indicate that whisker
pre-treatment has a small, but measurable effect on the uncoated whisker surface. Comparison of these isoelectric points
with those previously reported for SiC and SiQ2 [10] suggest that this effect is related to the formation of a SiO2 film on
the whisker surface. Repeated exposure of the SiC whiskers to the coating procedure resulted in a gradual increase in the
isoelectric point, until the isoelectric point of TiO7, 4.4, is reached**. Although complete coverage is indicated for
pretreatments C and D after three cycles, additional cycles of these whiskers produced a slightly lower isoelectric point
which may indicate development of coating defects, perhaps by the mechanical or thermal treatments involved. The
number of cycles required to achieve this isoelectric point depended upon the TIP concentration, compare D and D*,
increasing TIP concentration decreasing the number of required cycles. Unfortunately, the effect of whisker pre-treatment
on the number of cycles required for coating is not as clear, although the data do suggest that the more severely oxidized
pre-treatments decrease the number of cycles required.

TABLE 1

Isoelectric Points of Silicon Carbide Whiskers Coated with Acidified Solutions of Titanium Isopropoxide

Number Pretreatmnents

of Cycles A B C D D*
0 2.6 2.8 29 28 2.8
1 32 34 33 35 39
2 35 3.7 4.0 4.0 4.2
3 39 4.0 44 4.4 -

4 4.0 4.1 4.1 4.2 -

5 4.1 4.1 4.1 42 -

(A) Heated at 383K, coated with 0.1 M TIP.
(B) Heated at 523K, coated with 0.1 M TIP.
(C) Treated with concentrated HNQ3, coated with 0.1 M TIP.
(D) Heated at 873K, coated with 0.1 M TIP.
(D*) Heated at 873K, coated with 0.5 M TIP.

Figure 5 illustrates the morphological differences observed after whisker coating with 0.1 M and 0.5 M TIP. In both in-
stances, energy dispersive analysis indicates the presence of a TiOz coating on the whisker surface. Detailed examina-
tion shows that the coating achieved with the lower concentration contains a smaller number of distinct TiO2 particles.

Discussion

This study has demonstrated the feasibility of altering the surface chemistry of short fiber, SiC whisker reinforce-
ments, through sol-gel coating. Further, it has also shown that the uniformity of the coating depends upon the prior sol
chemistry, dilute solutions leading to more uniform, particle free coatings. These observations suggest that the coatings
grain or crystallite size may be controllable through selection of the sol degree of polymerization, or more directly, the
polymer chain length, prior to coating. Cenainly the presence of large discrete particles can be avoided by using dilute
acid catalyzed sols.

’

Historically, dilute sol concentrations have been avoided, most investigators having emphasized the use of con-
centrated solutions where greater coating thickness’ can be achieved with fewer steps. However, when coating uniformity

**The isoelectric point of TiO2 was established by measurements utilizing TiO7 precipitated from the sol coating solution.
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and the absence of "pinholes” are essential, as, for example, when long time high temperature compatibility is desir.
coating thickness increases appear to be best achieved by repeated application of thin layers, rather than application of
single thick layer.
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SUB-TASK 3
MATRIX PRECIPITATION AND COARSENING

H. J. Rack, P. Chaudhury, E. Wachtel and J. Wung

This sub-task examined the matrix precipiation and coarsening behavior
of discontinuously reinforced metal matrix composites that are candidates for
high temperature application. The study included TiC reinforced IN 718 and
SiC particulate reinforced Mg-6 2n.

Based on this effort the following appended manuscripts have either been
submitted, accepted or published:
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P. K. Chaudhury, H. J. Rack and B. A. Mikucki, "Effect of Double Aging
on Mechanical Properties of Mg-6Zn Reinforced with SiC Particulates", Jn. of

Materials Science, submitted September, 1989.

Accepted:
E. F. Wachtel and H. J. Rack, "Phase Stability and Aging Response of TiC

Reinforced Alloy 718", Superalloy 718 -~ Metallurgy and Applications, The

Minerals, Metals and Materials Society, Warrendale, PA., 1989, in press.
Published:
P. Chaudhury and H. J. Rack, "Age Hardening of SiC Reinforced Mg-6zn",

H. Chia and N.

]

Light~Weight Allcys for Aercapace Applicaticns, E. W. Lee,

The Minerals, Metals and Materials Scciety, Warrendale, PA., 1789, pp. 345-
357.

The cocperation and assistance of DWA Associates, Chatsworth, Cal., who
suppiied the TiC reinforced In 718, and the Cow Chemical Corporation, Lake
Jackson, Texas, who supplied the SiC particulate reinforced Mg-6 2n is
greatfully acknocwledged. Finally, this effort is continuing under the
spensorship of rhe Wyman~Gordon Corporation as part of the high temperature

plasticity study.
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AGE HARDENING OF CAST SiC REINFORCED Mg-6Zn
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ABSTRACT

This study has considered the age hardening behavior of cast and ex-
truded Mg-62n reinforced with 20 volume percent 1000 grit SiC particulate.
It has been shown that the age hardening sequence in this reinforced alloy
is similar to that observed in unreinforced Mg-Zn alloys, with little in-
fluence of the reinforcement. This lack of sensitivity has been related to
the absence of a SiC,/matrix associated dislocation substructure, in agree-
ment with other stugies and comparisons between cast and powder metallurgy
based discontinuously reinforced metal matrix composites.

Tizht-Weight Alloys for Aerospace Applicationa
Edited by E.-W. Lee, E.H. Chia and NJ. Kim
The Minerals, Metals & Materials Society, 1989




135

Introduction

Several studies have recently examined the age hardening behavior of
discontinuously reinforced aluminum metal matrix composites (1-10). Most
results, obtained largely through examinations of powder processed cowpos=-
ites, indicate that the aging response of aluminum metal matrix composites
is normally accelerated when ccmpared to the unreinforced matrix. While
the aluminum matrix precipitation sequence does not appear to be altered by
the reinforcement, the aging temperatures and times associated with the
presence of any precipitate phase, for example, GP zones in 6061, may be
drastically altered (3, 8).

Other investigations of ingot processed aluminum matrix composites
indicate that, in these materials, there may be little, if any, enhancement
in the aging response. Indeed, the results of Friend and Luxton (10) sug-
gest that the addition of a discontinuous reinforcement to an ingot alloy
may actually have a detrimental effect on the maximum achieveable hardness
and strength.

To date little information has been reported on the general applica-
bility of these observations to other age hardenable discontinuously rein-
forced composite systems, for example Mg and Ni alloys. The current study
has considered this question for one system, SiC particulate reinforced
Mg-Zn alloys.

Experimental Procedure

The study reported herein considers the age hardening response of in-
got processed, 20 volume percent, SiC, reinforced Mg-Zn. Extruded bar, 2.5
inch diameter, having a composition, Mg-6Zn-0.3Ca, was provided by the Dow
Chemical Corporation, Lake Jackson, Texas. This bar had been extruded from
a 7 inch diameter by 25 inch length casting, the latter having been pre-
pared by Dow utilizing 1000 grit SiC particulate, nominally 8-10 um diame-
ter, containing approximately 1% free carbon (11,12).

The aging kinetics of the Mg-Zn composite were monitored through
Rockwell B hardness and eddy current measurements, the latter utilizing a
Verimet monitor. All samples were initially solution treated at 330°C for
1 hour in & protective atmosphere of flowing argon and water quenched.
Following water quenching, the samples were immediately aged at tempera-
tures between 75 and 200°C, for times up to 2500 hours. Individual samples
were then air cooled and metallographically polished through 600 grit SiC
abrasive prior to hardness and eddy current testing.

Finally, selected aged conditions were examined utilizing transmission
electron microscopy. Foil preparation included diamond sectioning, hand
grinding to approximately 0.1 mm., dimple grinding and ultimately argon ion
milling at 5 kv, 0.3 ma and 15° impingement angle.

Results

Figure 1 summarizes the results of the hardness and eddy current mea-
surements. Aging of SiC, reinforced Mg-6 Zn clearly involves a number of
discrete steps. At short times, and/or low aging temperatures, a number of
small, but discernible and reproducible, hardness peaks were observed. For
example, at 75°C these peaks occur at approximately 1, 8, and 128 hours.
These hardness peaks were not accompanied by noticeable changes in electri-
cal conductivity.
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Figure 1: 1Isothermal aging kinetics of Mg-62n reinforced with 20 volume
percent SiC,, solution treated at 330°C, 1 hour, water quenched
and aged at (a) 25°C, (b) 75°C, (c¢) 100°C, (d) 125°C, (e) 150°C,
(£) 175°C and (g) 200°C.
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Figure 1: Continued.

At longer times, and/or higher temperatures, a marked increase in
hardness was observed. This hardness increase appears to be typical of
many age hardening systems where under, peak and overaging is observed.
The time required to reach maximum hardness, and the maximum hardness ob-
served, both decreased with increasing aging .emperature in SiC, reinforced
Mg-62n. This hardness increase was, in addition, accompanied by an in-
crease in the electrical conductivity, a constant electrical conductivity
level being associated with overaging.

Transmission electron microscopy indicated that the primary precipita-
tion hardening reaction in SiC, reinforced Mg-6Zn involved the formation of
rod shaped 8' and B MgZn precipitates. Initial aging under conditions
where both a hardness and electrical conductivity change was observed, Fig-
ure 2(a), resulted in the formation of fine, relatively short rods, which
subsequently grew during continued exposure at temperature, Figure 2(b).
Comparison of the latter with Figure 3, an electron micrograph of a sample
aged 2500 hours at 75°C, showed that the higher peak hardness observed at
the lower aging temperature was associated with a finer and more closely
spaced precipitate structure. Little evidence for heterogeneocus precipita-
tion of B MgZn was observed in overaged conditions, overaging having re-
sulted from growth of B' and formation of B. These observations are in
excellent agreement with previous studies of unreinforced Mg-6 Zn (14).
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Figure 3: Transmission electron micrograph of Mg-6Zn reinforced with 20
volume percent SiC,, solution treated at 330°C, 1 hour, water
quenched and aged at 75°C for 2500 hours.

Detailed examination of SiCy, interfaces also indicated that they were
relatively free of precipitates, and that there did not appear to be an
extensive SiC, associated dislocation network, as has previously been re-
ported in P/M SiC aluminum composites, Figure 4. Finally, additional char-
acterization showed that precipitate free zones (PFZ's) were present at
many SiC/matrix and grain boundaries, Figure 5.

Discussion

While direct comparison with an unreinforced Mg-6Zn alloy processed in
a manner identical to that of the reinforced composites considered in this
study is not possible, comparison of the current results with previous ex-
aminations of the age hardening behavior of binary Mg-Zn alloys (13-21)
suggests that the aging sequence in the reinforced alloy is similar to that
observed in unreinforced compositions, i.e.,

supersaturated solid solutjion -+ GP zones - B' - B (Mg2n).

This conclusion is reinforced if it is assumed that precipitate forma-
tion and growth is a thermally activated process, {i.e.,

S lne _  _Q
5 (1/T) R
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Figure 4: Transmission electron micrograph of SiC_/matrix interface in
Mg-6Zn reinforced with 20 volume percent 5iC,, solution treated
at 330°C, 1 hour, water quenched and aged at 150°C for 128
hours.

where t is the aging time required for a fixed amount of precipitation, T
is the artificial aging temperature in °K, and Q is the activation energy
for atomic migration. Figure 6 shows a plot of log t versus 1/T, where t
represents either the time for the initial increase in the electrical con-
ductivity or the time required to achieve maximum hardness. Precipitation
in SiC, reinforced Mg-62Zn, as in binary unreinforced alloys, cannot be de-
scribeg, over the entire range of artificial aging temperatures considered
in this study, by a single activated process. Further, values of Q derived
from Figure 6, and 