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CARBON MICROBALLOONS AND SYNTACTIC FOAMS:
MICROSTRUCTURE AND PROPERTIES

KIPP B. CARLISLE 

ABSTRACT

Microballoons (MBs) are used in many applications, ranging from drug delivery 

to syntactic foams; however, their mechanical properties and microstructures are little- 

studied and poorly understood at best. This research focuses primarily on characterizing 

carbon microballoons (CMBs) and, to a lesser degree, a three-phase syntactic foam in 

which CMBs and a bismaleamid binder are the major constituents. These MBs are 

classified by the manufacturer according to tap density (ASTM B 527). A nanoindenter, 

modified to do compression testing of individual CMBs, was used to study four different 

tap densities, 0.143,0.166, 0.177 and 0.192 g/cm3. These tests yielded data that included 

failure load, failure strain, fracture energy, and stiffness for each CMB. The results of 

compression testing showed inter-tap density trends relating failure strain to diameter and 

failure load to stiffness. Intra-tap density comparison revealed trends toward increasing 

average wall thickness, failure load, and stiffness with increased tap density. 

Experimentation on the foams composed of CMBs from or near these tap densities 

revealed intra-tap density trends o f increasing dynamic modulus with both bulk density 

and foam packing. Both optical and SEM quantitative microscopy have been used to 

evaluate the wall thicknesses and diameters o f the MBs, and the volume fractions of 

various phases in the foam. Furthermore, microscopy results proved the existence of 

several important, undiscovered flaws in these CMBs, including through-wall thickness 

holes, joined CMBs, nested CMBs, and CMBs wherein the inner and outer wall surfaces 

were not concentric. Extensive finite element modeling, using ANSYS 8.0, of idealized

ii
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CMB microstractures was performed, simulating the experimental uniaxial compression 

testing procedure. Stress states at failure in these CMBs have been predicted for the 

average failure conditions o f each tap density lot. Intra-tap density trends were found. 

Parametric studies involving the idealized microstructure’s radii and wall thickness 

revealed that buckling and bending are both possible failure mechanisms for these CMBs. 

Experimental support for dual flaw populations was provided by Weibull statistics. Using 

this, failure maps were created and applied to the experimental data in an attempt to 

estimate the contribution of buckling failure. LA-UR-06-6129.

iii
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1

INTRODUCTION

1. Foams

All foams are structures composed o f three-dimensional arrangements of voids 

amongst structural components. While technically the structural members surrounding 

the voids could be liquid, as is the case for froth, we will only consider solid foams here. 

Foam may be conceptualized as a collection of hollow structural cells. The aggregate of 

cells for traditional foams can completely enclose the internal voids to form a closed-cell 

foam, partially enclose the internal voids such that an open-cell foam results, or it may be 

a combination of the two. Traditional foams are formed via a variety o f blowing 

processes, where a liquid is forced to solidify containing entrapped gas. The gas may 

have been introduced into the melt by either mechanically mixing or by evolution from 

the decomposition reaction of a solid or liquid blowing agent. There are, however, other 

types of foams besides the blown varieties. One category of non-traditional foam is 

produced by bonding together previously formed hollow particles. The foams made from 

hollow particles exist in two primary subcategories: sintered foams and syntactic foams. 

Sintered foams result when a packed arrangement of hollow particles is heated and 

diffusionally bonded together to form a foam [1]. The other type, syntactic foams, will be 

described in detail below, since it is the focus of this research.

Syntactic foams are usually a type of polymer matrix composite, but they may 

also be metal matrix or even ceramic matrix composites, depending on the application. 

The name itself, syntactic — meaning to arrange, is insightful into the production
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process for these foams. In syntactic foams, the voids are incorporated via the 

introduction of microballoons (MBs) —  namely small, hollow, spherical shells. These 

foams are lightweight and often have very high specific properties because of their low 

densities, making them ideal cores for beams for use in transportation, aerospace, and 

defense applications. Syntactic foams may be classified as two-phase, three-phase, or 

multiphase, with the demarcation delineated by their void contents. A two-phase foam 

consists o f MBs surrounded by a continuous, nominally void-free matrix material, 

whereas a three-phase foam has an intentionally void-filled, matrix (often termed binder) 

that may only be sufficient to coat the MB surfaces and pool at the inter-MB contact 

locations. Multiphase foams merely build upon two- or three-phase foams by adding 

additional reinforcing phases to the foam, namely fibers, particles, whiskers, etc. [2-6].

1.1. Two-phase syntactic foams

While two-phase foams are not the primary subject of this research, it is important 

to understand their behavior. There are numerous studies of these materials in the 

literature, expounding upon a wide variety of subjects, including production techniques, 

tensile testing, flexural strengths, compressive properties, impact behavior, and the effect 

of fiber reinforcements [2, 3, 7-21]. Some researchers, instead of performing the common 

variational study on the effect of different MB and matrix volume fractions [2 ,12,20,22, 

23], have varied the MB content by its location within the foam [24-26]. Some have even 

evaluated the effect of different MB wall thicknesses and radii on the strength of the 

syntactic foams [22, 27-29]. While a detailed review of this literature is outside the scope 

of this dissertation, a synopsis of the general trends will be presented.
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The effect of adding MBs to a neat thermosetting polymer has proven to provide 

improved mechanical properties to the newly-formed composite, as compared to the neat 

polymer. Several studies have reported increases in compressive strength o f 50 % over 

the neat polymer matrix, although the effect on compressive modulus is less pronounced. 

Additionally, both increases and decreases in tensile and flexural strength and modulus 

have been reported, depending on the volume fraction of the foam’s constituents [2 , 12, 

15,20,23].

The focus of most research, however, has not been to determine the effect of 

creating syntactic foam from a neat polymer, but rather to investigate the changes in 

syntactic foam properties induced by varying the constituents o f the syntactic foam.

Many researchers have studied the variation of two-phase foam properties with 

increasing microballoon volume fraction. Indeed, the volume fraction of microballoon 

reinforcement is seen as one of the major controllers o f two-phase foam properties [2 , 12, 

20, 22, 23]. The other key property seems to be the nature of the microballoons 

themselves, i.e., their wall thickness, radius, and composition. Most syntactic foams seem 

to use glass microballoons (GMBs), but there are foams using polymer microballoons 

(PMBs), carbon microballoons (CMBs), metallic microballoons, or other ceramic 

microballoons, for instance fly ash cenospheres. Some important research on these foams 

involves the effect o f the MB radius to wall thickness ratio on the foam properties. Fine 

et al. [22],Gupta et al. [28,29], and Woldesenbet et al. [18] have determined that foams 

produced with a constant volume fraction of MBs may still have variable density, by 

varying the wall thickness o f the MBs. In these materials, the microballoons with the 

higher wall thicknesses yielded foams with higher compressive strengths and moduli,
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with little change in tensile or flexural properties [18,22,27-29]. Indeed, it has been 

claimed that changing the wall thickness of the MBs is “more effective than changing the 

microballoon volume fraction to change the syntactic foam density as it considerably 

increases the strength to the weight ratio” [27].

Multi-phase foams originating from two-phase foams have also been well 

characterized by various researchers. Apparently, the most common additional 

reinforcements are glass fiber, nanoclay, and rubber [15, 30-39]. The addition o f glass 

fibers significantly increases the tensile, flexural, and compressive strengths and moduli 

o f two-phase foams [15, 31, 35-38]. These results were hardly surprising, since the 

addition of fibers to a two-phase syntactic foam is essentially transforming it into an MB- 

containing fiber reinforced plastic (FRP), although with lower fiber loading than most 

FRPs. The goal of the other two major additions, nanoclay and rubber, was to increase 

the toughness o f the system. Nanoclay or rubber particle additions, when properly 

dispersed in a resin, have proven to be effective tougheners in many polymer systems, for 

instance the highly commercialized rubber toughened acrylonitrile-butadiene-styrene 

system. Thus, researchers have successfully increased the toughness, as measured by the 

area under the stress-strain curve, of many two-phase syntactic foams by small (2-5 

volume %) nanoclay or rubber additions to the polymer matrix. These toughness 

increases are often anywhere from 80 to 200 % and are achieved without decreasing other 

mechanical properties o f the material [30, 32-34, 39].
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1.2. Three-phase syntactic foams

Three-phase syntactic foams, the primary focus o f this literature review, are a 

much less used and studied variety of syntactic foam than their two-phase counterparts. 

However, there is evidence that this should not be the case. Following Gibson and Ashby 

[l],for a given strength part, the highest bending stiffness is achieved by the greatest 

volume fraction o f MBs, i.e., “the structural integrity of the materials is retained at a 

minimum binder amount [15].” This is a powerful argument favoring the use o f three- 

phase syntactic foams over their two-phase counterparts, yet they are still under-utilized, 

as evidenced by the quantity o f research available on each type. Originally, this disparity 

may have stemmed from the later origins o f the three-phase system, which was only 

formally defined in the 1970s by Price and Nelson [6]. They defined the three-phase 

foam as “an aggregate o f microspheres bonded together by a small [emphasis added] 

amount of polymer which may not form a continuous phase [6].” A ternary phase 

diagram was constructed to describe syntactic foams, wherein two-phase foams fell along 

the MB-binder (matrix) binary, and three-phase foams existed in the space of the 

diagram. Thus, binary sections are required to investigate the properties of these foams, 

suggesting that composition should be a more important characterization tool than 

density for three-phase foams [6].

The earliest available research on three-phase foams dates from the early 1970s, 

although upon perusal, it is clear that work was underway on these materials in the late 

1960s, as evidenced by several British and Belgian patents or patent applications cited by 

Thomas [5]. Thomas [5] does an excellent job of describing the types of microballoons 

and binders employed at the time in the construction of what are termed carbon
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syntactics, with lesser attention given to carbon/resin syntactics. The difference is that 

carbon syntactics consist of carbonized microballoons and carbonized binder, producing 

an entirely carbonaceous material with only trace amounts of other elements, whereas 

carbon/resin syntactics are the more traditional mixture o f carbon microballoons and a 

polymeric binder. Carbon syntactics were designed for high temperature insulating and 

structural properties. Their manufacturing routes were described in detail, both when 

forming from CMBs and a precursor resin and when starting from PMBs and a precursor 

resin. In both cases, the key step is pyrolysis of the molded foam structure at suitably 

slow rates to convert the polymer constituents into carbon. Some generalities regarding 

the density, thermal conductivity, and electrical conductivity o f these materials were 

presented, but little mechanical property data were given [5].

Benton and Schmitt [4] provide an account of the characterization of carbon- 

based syntactic foam. They reported on the manufacturing of a high temperature 

insulation that also possessed low density and high compressive strength. CMBs or 

PMBs were mixed with a thermosetting binder o f furfuryl alcohol, maleic anhydride, 

pitch, and acetone. This blend was then molded to the desired shape and heat treated in 

argon at 900 °C to carbonize the binder. Characterization of the resulting foam was 

performed via compression testing and scanning electron microscopy (SEM). 

Compressive strength o f all foam samples increased linearly with foam density, and 

foams composed of MBs of different average wall thickness followed different 

trendlines. Analysis of the relation between these trends showed that foams o f thinner- 

walled MBs had higher specific properties. Finally, comparison between carbon 

syntactics in which CMBs were used and those in which PMBs were carbonized
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simultaneously with the binder showed that simultaneous carbonization led to stronger 

foams, presumably because of better bonding between the MB and binder [4].

Extensive research work on three-phase syntactic foams is due to the research 

group of Narkis, Putterman, Kenig, Gerbovich and Boneh [40-45], who published 

extensive studies on phenolic MBs or GMBs mixed with varying volume fractions of 

polyimide (Kerimid 601) or epoxy binders. These six papers cover preparation and 

characterization of syntactic foams through a variety o f techniques.

The common liquid infiltration technique used for two-phase foam processing can 

also be employed for three-phase foams [45], but more attention is given to powder 

mixing. This powder process, used to manufacture the foams currently under 

investigation, consists of two main foam formation steps. First, the desired quantity of 

solid binder (in particle form) is combined with the corresponding necessary amount of 

MBs and blended thoroughly. Gentle mixing is recommended to avoid MB breakage. The 

second major step is molding. The desired amount (by weight) o f mixed, solid solution is 

placed into a mold of known volume (hence allowing the desired final part density to be 

achieved), followed by heating o f the mold, often under pressure, to cure the 

thermosetting binder. The curing temperature profile will depend on the curing behavior 

o f the binder. It is reported [45] that the addition of a liquid to the mixing step often aids 

in powder/MB dispersion, although the fluid must then be evaporated from the mixture 

before molding. Mechanical property characterization o f these foams was also performed 

via compression testing [41, 43]. The compressive strength and modulus were observed 

to increase with both increasing foam density and increasing volume fraction of binder. 

The rate of increase was greatest at low density and low volume fractions o f resin, with
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the (logarithmic) trendlines leveling off at resin volume fractions greater than 0.26. 

Additionally, compression was performed at several temperatures. The compressive 

modulus was seen to decrease with temperature more rapidly than the compressive 

strength, emphasizing the softening of the resin at higher temperature [41,43-45].

A third, advantageous, production method involved the coating o f the MBs with 

the binder, and then using the resin coated spheres to mold the foam. The key benefits 

included a more uniform distribution o f the binder throughout the resulting foam 

structure and elimination o f the powder mixing step, which so easily resulted in broken 

MBs. This procedure would begin by dissolving the polymer in solvent and adsorbing a 

thin film of the resulting solution onto the MB surfaces. The solution plus MB slurry 

would then be vacuum filtered and rinsed, to obtain a thin film of precipitated polymer 

uniformly coating the MB surface. Once the coated MBs were vacuum dried, mold filling 

could commence. It was shown that the compressive and flexural properties o f foams 

formed via this technique were similar to those from powder mixing, and the uniformity 

of the coating and foam properties suggested that this method would be superior to 

powder techniques for large parts [40, 41, 44].

A final method of producing three-phase syntactic foams is rotational molding. In 

this technique, a powder mixing approach is followed, where powdered binder and MBs 

are charged into a commercial rotational molding machine. The resulting foam parts 

consisted of loose-packed MBs and therefore were of lesser density than those produced 

in the other techniques for forming three-phase syntactic foams, although complex part 

designs are possible. This type foam revealed that compressive strength and modulus 

were linear functions of resin weight fraction and logarithmic functions o f bulk density.
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Comparison to three-phase foams produced by powder mixing or MB coating revealed 

similar properties in the limited range of densities where a syntactic foam could be 

formed by all three techniques.

In more recent three-phase syntactic foam research, Bruneton et al. [46] studied 

an all-carbon three-phase foam, composed of CMBs and a carbonized phenolic binder in 

compression under various temperatures from ambient up to 3000 °C. They observed, in 

compression, initial linear elastic behavior, followed by a trend toward ductile behavior 

as the test temperature was increased. Observations showed that the main cause of failure 

in the foams was the binder. Elastic deformation in both CMBs and binder occurred on 

loading, until the critical load for crack propagation in the binder was reached. Beyond 

this point, “plasticity” was determined to result from binder cracking, with foam failure 

occurring only after enough binder to MB linkages were destroyed [46].

Both McEachen [47] and Gladysz et al. [48] conducted extensive studies on 

variants of the CMB syntactic foams. McEachen [47] detailed the basic production 

procedures for producing CMB foam billets, from mixing of the bismaleamid (APO- 

BMI) binder pre-polymer with the MBs, to the molding and curing process for the foam 

billet. Additionally, mechanical testing of the resulting foams was conducted in 

compression. The failure stresses ranged between 1.38-6.89 MPa, with all values below 

4.83 MPa indicating an unacceptable production part. Subsequent processing changes to 

the foam cure cycle increased strength to as high as 10.34 MPa. McEachen [47] also 

measured the thermal conductivity to be 0.22 W itT'KT1, and the heat capacity as 1.004 J 

g_1K_1 via DSC [47],
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Gladysz et al. [48] performed considerable characterization on these foams. Their 

results include compression and flexural testing of foams with varying CMB tap density 

and varying foam bulk density. In compression, elastic loading followed by a long 

plateau of graceful failure was observed, with the failure mode being fracture o f both 

CMB and APO-BMI. The trend of increased strength and modulus with increased 

volume percent CMBs was observed, and higher tap density CMBs produced a higher 

strength and modulus as well. However, when the same strength and modulus data were 

re-plotted versus bulk density of the foam, the foams of the lower tap density showed 

higher strengths and moduli at any given bulk density. Thus, the packing arrangement of 

the lower tap density CMBs in the structure affects foam performance. In three-point 

bend testing, different results were documented. Linear elastic loading was seen, but 

failure was brittle at very low strains. Strength and modulus of the foam again increased 

with greater volume percent of CMBs, but this time there was no difference between the 

tap densities. When the data were plotted as a function o f bulk foam density, the flexural 

strength was about the same for different CMB tap densities, but the modulus data 

showed lower tap densities to have higher modulus at a given bulk foam density. The 

explanation for this, which agrees with other findings on a GMB syntactic foam of the 

same type [49], was that a major factor controlling failure of the foams in flexure is 

binder-CMB interfacial failure. The lower tap density CMBs, which were packed into the 

structure more tightly, possessed a greater number of shorter APO-BMI ligaments, and 

hence distributed the loading across a larger interfacial area [48].
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2. Microballoons

Microballoons (MBs), often called cenospheres, microbubbles, or hollow 

microspheres, are hollow spherical shells that may be composed o f ceramics, polymers, 

or even metals. Microballoons were originally viewed as fillers for plastics, reducing the 

amount of polymer used in a product. While many MB manufacturers still emphasize this 

role, the reinforcement value of microballoons is also being realized. MBs are now 

considered a reinforcement phase in many composites that can significantly increase 

specific properties, especially compressive and impact strengths. Additionally, MBs can 

be used in adhesives, washing powders, drug delivery, and water testing. Of this myriad 

of uses, one, syntactic foam, is the focus of this research [2,3].

One of the first steps to understanding the microstructure and mechanical 

properties of a material is to acquire the basic background about it. In the present 

research, this means that significant background information on the production and 

testing of microballoons needs to be acquired. Specifically, what are the manufacturing 

processes that are used in CMB production? How do these processes affect the 

morphology of the resulting MBs? What experimental techniques may be used to 

quantitatively and qualitatively evaluate the morphology and mechanical properties of 

MBs? These are the questions to be addressed in the following subsections, where an 

overview of the literature on microballoon production and testing will be provided, with 

one exception—many MB test techniques are detailed in a later chapter, and this 

information will not be duplicated in the literature review.
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2.1. Production o f  carbon microballoons by spray drying

Spray drying is defined as, “the transformation of feed [material] from a fluid 

state into a dried particulate form by spraying the feed material into a hot drying 

medium” [50], This process was first conceived in 1865, was patented in 1872, and 

became of commercial significance in the food and household goods market as early as 

the 1920s.

The basic setup for any spray (hying procedure consists o f two primary 

mechanisms, as suggested by the name itself. The spraying process actually goes by the 

term atomization, referring to the breakup of the liquid feed material into small discrete 

droplets. Under normal conditions, these droplets are small spheres, but in MB 

production, the process is often termed foam spray drying, referring to the hollow nature 

o f the particles created during atomization. Usually, this hollowness is imparted by a 

trapped gas, which is formed from additives placed in the material feed for just such a 

purpose. Thus, the term foaming is indeed correct. The drying of the atomized material is 

usually accomplished via the application of a heated atmosphere, together with humidity 

control applied to the atmosphere so that evaporation of moisture can occur—this 

evaporation would be necessary for polymeric solutions, but not for metals. Once dried, 

the end product is then recovered from the drying medium, sorted, etc.

Atomization may be achieved by two methods, disk or nozzle atomization. These 

are further categorized as either pressure, centrifugal, kinetic, or sonic. The main reason 

for selecting a specific type is that each type produces a different particle size and particle 

size distribution. Generally, rotating disk atomizers produce a fine particle size (30-120 

pm), with nozzles yielding coarser particles (120-250 pm) but better control over the
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distribution width, e.g., narrow distribution widths are possible with this method. Another 

selection criterion is the volume of material that must be produced. Larger volumes lend 

themselves more to the centrifugal methods, i.e., the rotating disk atomizer [50]. This is 

the method prescribed by Veatch and Burhans [51] in their patent governing the 

production of microballoons. They described the production of hollow particles o f any 

film-forming material via the addition o f a latent gas to a solution containing a volatile 

solvent. During atomization of this solution, the outer layers o f the droplets formed will 

quickly dry in the heated atmosphere, while the simultaneous evolution of the latent gas 

within the dried shell expands, forming and maintaining an internal hollow. Thus, the 

internal pressure of the latent gas prevents collapse of the hollow, drying particle by 

atmospheric pressure. The latent gas may be any form of material added to the feedstock 

which has the desired gas-forming effect. Examples are carbonates, sulfites, and 

ammonium salts, which produce blowing gases when small amounts o f acids are 

introduced into the system. The patent defined the film-forming materials for which it 

functions to be limited only by the materials’ ability to form a strong skin on evaporation 

from solution. Thus, organics like cellulose acetate may form microballoons, as can most 

thermoplastics and thermosets. Even inorganics like sodium silicates and polyborates are 

included in the patent’s definition of film-forming materials suitable for microballoon 

production [51].

Aside from the addition o f the blowing agent, the general atomization techniques 

of spray drying apply for microballoon production. The resulting particles are often 

analyzed via sieving and statistics for mean particle size, particle size distribution, and 

distribution type, e.g. normal, log normal, empirical, etc. [50]. Veatch and Burhans [51]
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found that the concentration of the film-former was not that important, although it did 

directly control mean particle size. Flotation testing of the final product was used to 

prove that the particles were indeed hollow and hole-free.

Analytically, some of the relevant production parameters may be predicted. Of 

especial importance is the relationship between the particle size (Di) and droplet size (D2) 

from atomization, given by the following expression

in terms of the particle density (d), the solution density (p), and the weight fractional 

concentration of the solution (p). This equation is merely a rearrangement of one of the 

several equations for a disk atomizer. All have the general form:

A ( B  Y (2
A  2

where Ai and A2 are two droplet or particle sizes, n is a fractional power that depends on 

the process and parameter, and Bi and B2 are any o f the following variables for two 

different runs of solution: wheel speed (N), feed rate (M), solution viscosity (p), solution 

surface tension (a) and solution density (p). Typical values for n range between 0.1 and

The other equations o f interest are those that govern the particle velocity (in ms) 

in the tangential (Vt) or radial (Vr) directions, given by

(1)

0.5.

(3)

V, = 7tdN (4)
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where the terms are: density (p), diameter (d), feed rate (Q), rotational speed o f atomizer 

disk (N), viscosity (p), number of vanes on the atomizer disk (n), and vane height (h). 

They can be summed vectorially to find the overall velocity [50].

Drying too is covered by the patent. In this patent, the inventors specified that the 

drying of MBs take place in a drying tower, using air or other heated gas as the drying 

media [51]. The standard variables in the drying step of spray drying are the gas flow, 

heat and mass balance, and residence time in the drying chamber. O f course, these 

parameters will be calculated differently based upon the gas used, and whether the drying 

gas flow is with the atomizer particle flow, against the particle flow, or of mixed 

character. As Veatch and Burhans [51] prescribed that the drying gas be air flowing 

concurrently with the atomized droplets, the simplest form of the equation for droplet 

evaporation time—and hence the drying time dining which a droplet would need to be 

kept suspended in the drying tower—is:

This equation is in terms of the time (t), droplet size (D), temperature difference in the 

droplet and the gas, the density of the liquid (pi), and the thermal conductivity o f the film 

around the droplet (K<i). This is the simplest case, considering only heat transfer effects. 

Consideration of the velocity difference between particles and drying gas or o f the 

deceleration of the droplets causes the equations become much more complicated [50, 52, 

53]. Meanwhile, even an estimate of drying time, like that in Eqn. 5, does provide, when 

combined with particle velocity, the ability to determine the necessary size of the drying 

chamber. It should be large enough in diameter that particles do not impact the walls

(5)

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



16

during the initial stage of drying and tall enough so that sufficient drying of the particles 

will have occurred upon settling to its bottom [50].

The spray drying method for MB production is the oldest, and still most heavily 

used, method for MB production [53]. It is the method of production used by Asia Pacific 

for the precursor phenolic MBs, trade named Phenoset, from which the CMBs used in 

this work were derived. The CMBs from these precursors were produced at Honeywell 

Aircraft Landing Systems (South Bend, IN). The process involves a proprietary high- 

temperature carbonization step [47,48]. The end result of this carbonization treatment is 

the conversion of the phenolic MB carbon MB.

Although the CMBs studied here were produced by disk atomizer spray drying, it 

may be instructional to provide an additional overview of other, more recently developed 

methods of producing CMBs. Currently, MBs are produced using ultrasonic nozzle 

atomizers, where the momentum of the particles is greatly reduced during atomization, 

and thus smaller drying chambers may be used. This process is now at the stage where it 

may yield MBs of as small or smaller than MBs produced by the disk atomization 

technique, but with both a narrower size distribution and less defects in the balloons [52].

2.2. Production o f carbon microballoons by pyrolysis

Sharon et al. [54] manufactured and characterized carbon nanobeads of both solid 

and hollow geometries using a pyrolysis technique. Carbon can be formed from any 

number of organic precursors, i.e., pitch, rayon, etc., or from synthetic polymer sources. 

Of interest in this technique is the pyrolysis of camphor under controlled conditions. 

Camphor is C10H 16O, when pyrolyzed, converts to a double ring structure that is highly
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reactive, and readily suited to the formation of curved carbon structures. Sharon et al.

[54] used a container o f camphor mixed with ferrocine, heated it to 50 °C to produce 

vapor, and then forced the vapors into a quartz tube at 1000 °C in a furnace with a flow of 

argon. The flow rate was kept to 0.01311/s. The end result was a 30 % yield o f an 

amorphous carbon material deposited on the inside of the quartz tube. FTIR and XRD 

analysis showed the nanobeads to be amorphous, with a thin graphitic shell. SEM and 

TEM observations showed that the novel production technique led to CMBs of 250 nm 

and 500 nm sizes [54].

2.3. Production o f  carbon microballoons via emulsion

An emulsion technique has been used to produce CMBs in a most unusual 

manner. The CMBs were the byproduct that remained after the water was evaporated 

from a water-in-oil emulsion of a specific composition. That composition was 1-20 

weight percent urea dissolved in 30 ml of aqueous amrrionia at pH 12, with a very small 

amount o f amphiphilic carbonaceous material (1.8 g) dissolved therein as well. This was 

added to 500 ml of olive oil and stirred at 90 °C until the water evaporated, leaving gel 

beads. The resulting beads were found to be hollow, with SEM observations revealing 

diameters ranging from 2-15 pm and wall thicknesses averaging about 1 pm. It was 

hypothesized that the evolution of CO2 gas from the decomposition o f the urea at 80 °C 

in the ammonia water formed within the microballoons. Further additions of polyvinyl 

alcohol (PVA), polyvinyl lpyrrolidone (PVP), or polyethylene glycol (PEG) were 

observed to alter the MB surfaces. PVA additions resulted in dimples or pores in the 

surfaces, whereas PVP and PEG additions produced smooth MBs. The resulting
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carbonaceous gel PMBs were then heat treated at 500, 750, or 1000 °C to convert the 

structure to carbon, thus producing CMBs of a size that so far has heretofore been 

difficult to achieve [55, 56].

2.4. Compression o f  filled microballoons

While much of the specifics o f the mechanical testing of MBs will be presented in 

a subsequent chapter, there is a test technique for liquid-filled MBs, e.g., microcapsules, 

that will be presented here. Liu et al. [57-59] tested filled polyurethane MBs in 

compression. Their experimental setup consisted of a motorized stage mounted on an 

inverted optical microscope. A force transducer was used to measure the force applied to 

a microcapsule as the motorized stage was slowly moved upward, crushing the filled MB 

between the upper platen attached to the transducer and the glass slide atop which the 

microcapsule was placed. The entire compression test was recorded on digital video 

through the microscope lens beneath the microcapsule, allowing measurement of lateral 

extension as well as estimation of the contact area between the microcapsule and the 

lower platen. Liu et al. [57-59] used a theoretical model for a filled non-linear elastic 

membrane to calculate the theoretical burst strength, Young’s modulus, and pressure 

difference across the microcapsule wall. However, given that they only investigated filled 

polyurethane MBs, little further comparison with the current research is warranted [57, 

59, 60].
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3. Thermosetting Binders

The matrix material in three-phase syntactic foams, which contains significant 

intentional void content, is often termed the binder. This terminology may have been a 

deliberate attempt to convey the low volume fraction and potential discontinuity o f the 

polymer in the foam and definitely was used to emphasize that the polymer bound the 

MBs in place in the system [6,40-45]. For convenience of molding o f polymeric 

syntactic foams, thermosetting polymers are often chosen as binders in both two-and 

three-phase syntactics [2, 3, 6,9-21,23,25-34, 36-38,40-45, 61-65].

The foam used in this investigation possessed a very different polymer binder, a 

bismaleamid known as APO-BMI [47, 48]. APO-BMI was the replacement for the 

polyimide binder Kerimid 601, which contained the carcinogenic curing agent 4,4 '- 

Methylenedianiline (MDA) and was used previously in carbon syntactic foams. APO- 

BMI is produced exclusively by Honeywell FM&T (Kansas City, MO) for Los Alamos 

National Laboratory to use in this application. The material is a single-part thermosetting 

material that undergoes both melting at approximately 130 °C and a curing reaction at 

about 210 °C. Dining curing, the polymer is cross-linking by homopolymerization [48]. 

Unfortunately, APO-BMI is very brittle and solid samples of any size were impossible to 

obtain. However, some characterization of the very limited samples available was 

performed and the results of differential scanning calorimetry (DSC) and nanoindentation 

will be delineated in a later chapter.
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4. Organization o f Work

The following seven journal articles, reprinted with permission for the two 

already published, provide a succinct overview of the mechanical property and 

morphology characterization of the CMBs used in a three-phase syntactic foam 

composite. These articles, whose inter-relationship will be detailed below, contain the 

bulk of the research and testing data performed at UAB on these CMBs, and represent 

testing of four different lots o f CMBs (ASTM B 527 tap density). Additionally, one of 

the articles describes characterization of an APO-BMI coated tap density of CMBs.

While the main focus of this research has been characterization o f the CMBs themselves, 

some testing of the APO-BMI binder phase of this syntactic foam and o f the complete 

syntactic foam has also been performed; each of these are the subject of one of the 

articles included below.

The first article, “Structure and Mechanical Properties o f Micro and Macro 

Balloon: An Overview of Test Techniques,” [66] is intended to provide a comprehensive 

review of the techniques that have been used to evaluate the mechanical properties and 

morphology of MBs. While a considerable portion of this article is literature review, 

there is also some original content. Test methods described include: pycnometry, tap 

density, bulk isostatic compression, single MB isostatic compression, individual MB 

uniaxial compression, single MB uniaxial tension, tensile burst testing, nanoindentation, 

optical microscopy, SEM, interferometry, and laser confocal microscopy. Throughout the 

presentation o f these techniques, explanation is given as to how they may be used to 

determine parameters including wall thickness, Young’s modulus, strength, strain, etc. 

from MBs of polymer, metallic, or ceramic composition [66].
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The second article, “Characterization o f Carbon Microballoon Syntactic Foams,” 

delineates the impulse excitation and quantitative microscopy work that has been 

performed on the foam. Data on the variations in Young’s modulus as a function of the 

tap density o f the constituent CMBs and a function of bulk density are presented. 

Additionally, measured trends in the volume fractions of carbon, APO-BMI, multi- 

compartmented CMBs, and broken CMBs in the foam are presented, and explanations for 

the observed trends were postulated.

The third article, “Characterization of the Binder Phase in a Three-Phase Carbon 

Microballoon Syntactic Foam,” details the characterization of the thermal properties and 

Young’s modulus of the bismaleamid binder that is used in these carbon microballoon 

syntactic foams. Since limited samples o f this material were available in bulk, the only 

mechanical property characterization presented is nanoindentation, of neat APO-BMI and 

of APO-BMI in situ in the syntactic foam. Supplementing this data is differential 

scanning calorimetry o f the APO-BMI, neat and in the foam. Average Young’s modulus 

was reported, as were the melting and curing temperatures for the APO-BMI. Trends in 

cure behavior depending on the presence of CMBs were noted, and explanations for them 

were postulated.

The fourth article, “Microstructure and Compressive Properties of Carbon 

Microballoons,” [67] describes the characterization of three lots (ASTM B 527 tap 

density) o f CMBs. The research described in the paper involves the determination of wall 

thickness, diameter, shape, and compressive properties o f CMBs. The compressive 

properties include stiffness, failure strain, and work-of-fracture, with discussion of the
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relevant trends between tap densities. These trends were linked back to microstructural 

parameters for each tap density, and the differences in each tap density explained [67].

The fifth article, “Uniaxial Compressive Properties of Bismaleamid-Coated 

Carbon Microballoons,” investigates the uniaxial compressive behavior of a fourth tap 

density of CMBs, and compared their behavior to the other three. Once this tap density 

has been characterized and determined to follow the prior trends, it serves as a control for 

the characterization of the uniaxial compressive properties of CMBs which are coated in 

cured APO-BMI. The trends in the behavior of the coated CMBs are noted, and 

compared to the uncoated samples. Additionally, conclusions are drawn regarding the 

effect o f a thin APO-BMI coating on the behavior of CMBs in the foam.

The final two articles, “Finite Element Modeling of the Uniaxial Compressive 

Behavior o f Carbon Microballoons I: Idealized Model” and “Finite Element Modeling of 

the Uniaxial Compressive Behavior o f Carbon Microballoons II: Flawed 

Microstructures,” address the issue of understanding the stress states and their 

distributions in the CMBs previously experimentally studied. The first paper focuses 

specifically on the compression of CMBs which are assumed to be defect-free spherical 

shells, whereas the second paper is concerned with the behavior o f microstructures 

containing the main flaws observed in CMBs. In both articles, finite element modeling 

(FEM), using commercially available ANSYS 8.0, was performed on two-dimensional 

(2D) and three-dimensional (3D) models o f CMBs. These models are of three varieties: a 

perfect shell, a flawed shell in which the internal hollow is not concentric with the 

external surface, and a flawed shell with a through-thickness hole. These models were 

used to predict the stress states in CMBs possessing the average properties o f the
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previous three tap densities, the effect of varying wall thickness-radius ratio on the failure 

mode o f the CMBs, and the relative detriment of basic flaws to the structural integrity of 

the CMBs. The results have provided insight into the explanations for the experimental 

trends in the CMB behavior, and Weibull statistics were combined with the FEM results 

to prove the existence of the failure modes predicted in these materials.

Together, these seven articles represent a comprehensive study of the background, 

morphology, compressive properties, and modeling of individual CMBs, coated CMBs, 

the APO-BMI binder, and the complete foam. In combination with the foam 

characterization work by Gladysz et al. [48], Chavez et al. [68], Shabde et al. [69]and 

McEachen [47], this provides a thorough study of a previously little-studied syntactic 

foam system.
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Abstract

A recently developed technique for obtaining uniaxial compression properties of 

individual microballoons by using a nanoindentation instrument equipped with a flat- 

ended tip of cylindrical or square cross-section will be described. A variety o f useful 

parameters can be extracted from load vs. displacement curves such as: failure load, 

strain to failure, fracture energy, and a pseudo-stiffness or spring constant o f each 

microballoon tested. The technique allows for a comparison of compression properties 

between individual microballoons of varying size or morphology. Other techniques for 

compression of both individual and large numbers of microballoons simultaneously, will 

be compared to this new test procedure. Two novel tensile test techniques will be 

reviewed. Additionally, the use of complementary test methods—including quantitative 

microscopy, SEM, interferometry, and nanoindentation—for characterizing the structure 

and properties o f microballoons will be discussed.
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1. Introduction

Originally, microballoons and macroballoons (note that, microballoons will 

henceforth be abbreviated MBs, whereas macroballoons will not be abbreviated) were 

viewed as fillers, i.e. they provided increased specific properties while simultaneously 

reducing the amount of polymer used. A perusal o f the product information sheets from 

current MB manufacturers still shows the emphasis on this role. Increasingly, however, 

the reinforcement values o f microballoons are also being realized. MBs are no longer 

relegated to the role of fillers but have become a second phase in polymer composites 

that can increase the material’s properties significantly, especially compressive and 

impact strengths. Thus, a polymer part containing MBs can more appropriately be called 

a composite. Other uses of MBs are becoming more common as well. MBs can facilitate 

a sustained release of drugs contained in their interior in the pharmaceutical industry, 

provide a mechanism for storage and release of adhesive in Post-It® notes, and release 

release perfumes and moisturizers when broken in household products like detergents and 

skin care creams [1]; All of these applications are aided from a design standpoint by 

knowledge of the structure and properties o f the MBs.

What has led to the proliferation of MB uses? Mostly, it is continued advances in 

production techniques, combined with an expanding range of materials from which 

microballoons may be manufactured. The original patents for producing polymer 

microballoons (PMBs), like those shown in Fig. 1, or glass microballoons (GMBs), see 

Fig. 2, were merely the beginning o f microballoon production. Techniques for producing 

MBs from other polymers, from the polyglycolic acid and polylactic acid used in drug 

encapsulation to hydrogels, have been developed. In producing such MBs, methods
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besides disk atomization o f polymeric solutions containing blowing agents are being 

replaced by ultrasonic atomization for better particle size distribution control or even by 

emulsion techniques, where the microballoons are formed completely without the aid of 

blowing agents. Template methods for production have been considered. Additional 

advances have led the original MB technology to new applications, such as the 

production or modification of glass microballoons for specialized applications and the 

polymeric microballoons that are being produced specifically for conversion via heat 

treatment to other materials, e.g., the carbon microballoons (CMBs) shown in Fig. 3 [2- 

4].

With this growth in the use of MBs and the technology associated with their 

production, so too must the ways of characterizing MBs grow. One of 3M’s early patents 

for producing glass microballoons specifically refers to a test technique using isostatic 

compression for measuring the strength of MBs. This technique would later become 

ASTM D 3602, which is still used for testing glass microballoons today, although the 

standard has been discontinued for unknown reasons. Other techniques that were used 

during the developmental phase of microballoons are in similar states and are often the 

only tests routinely utilized to measure the mechanical characteristics of microballoons. 

However, many of today’s applications differ greatly from those initial applications and 

thus require more thorough mechanical property and structural information of the 

microballoons. This, then, becomes the primary goal of this review. We will strive to 

present the older established methods of microballoon characterization, the newer small 

scale test techniques that have been recently developed, and revisit some novel tests that 

never gained wide usage in microballoon testing. The goal is to describe the type and

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



28

utility o f the information obtained from each test technique, as well as to explore how a 

synergy of these methods may best provide an overall characterization o f microballoons 

[5,6].

2. Microscopic Examination o f Microballoons

Scanning electron microscopy provides an invaluable tool for analyzing MB 

morphology. Provided that non-conducting samples are properly coated, almost any MB 

may be successfully imaged and useful data taken regarding its diameter as well as shape. 

Imaging o f broken MBs can provide wall thickness data; wall thickness is often a 

property-controlling parameter o f considerable interest. Figure 4 provides some examples 

o f CMB wall thickness measurements taken on broken MB via SEM [7, 8]. For accurate 

measurement of wall thickness, the broken wall must be perpendicular to the microscope 

axis, or the angle o f inclination known, for correction.

Optical microscopy techniques complement SEM measurements, giving a cross 

sectional interior view of mounted and polished MBs. Optical images can be useful in 

analyzing the MB’s internal structure, wall thickness, and diameter. Conventional 

reflected light microscopy, as well as laser confocal microscopy and interference fringe 

microscopy, can be employed to advantage. Reflected light microscopy provides the 

traditional two dimensional images o f a polished surface, as shown in Fig. 5. Care must 

be taken in the polishing procedure to minimize MB wall collapse and pull out during 

sample preparation. These images provide planar slices through MB mounted in epoxy, 

and thus any measurements made on the images do not necessarily reflect the actual 

diameter o f the MB. Only those sections where an MB has been cut along its great circle
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provide accurate measurements of MB wall thickness and diameter. Figure 6 illustrates 

this point. Fortunately, taking measurements o f a 3-D structure on a 2-D image has been 

well studied in stereology, so solutions are readily available. In order to obtain correct 

values we must calculate, statistically, values o f diameter and wall thickness from the 

mean lineal intercept data measured on each image. Specifically, to correct diameter ($) 

and wall thickness (t), the formulas are

where X is a measurement of thickness or diameter taken from mean lineal intercepts of 

the object of interest on the image [9. 10].

Both laser confocal and interference fringe analysis optical techniques yield 

similar 3D images o f a polished microstructure. An optical microscope is used to image 

the sample surface, and computer software is used to construct a true 3D image o f the 

sample surface. In the interferometry based system, the interference fringe patterns are 

analyzed and a 3D structure is calculated based on the analysis, whereas in the laser 

confocal microscope one uses monochromatic laser illumination and calculates where the 

in-focus portion of the image will be as the sample stage is moved vertically through 

focus. A movable aperture is used by the computer system to select only the focused area, 

and a stack o f several focused two-dimensional (2D) images is formed such that the final 

3D image is constructed by merging them along the vertical axis. Both systems yield 

similar results, as seen in Figs. 7 and 8. Both figures are 3D topologies o f the sample 

shown in Fig. 5, and could easily be used to measure MB diameters and wall thicknesses.

'diameter

(1)

4t(t2 -1 .5 t^  + 0.75^2) 
3{t2 + (2)
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A final optical microscopy technique, again interferometry-based, can be used to 

extract size measurements from MBs. This technique is applicable only to transparent 

MBs, such as GMBs and some PMBs. A dual-mirror interference microscope is used to 

image a single MB that is placed on one of the mirrors. The mirrors are then set so as to 

be slightly non-parallel. This yields an interference fringe pattern of light and dark 

concentric circles visible on the mirror. The focus is then adjusted until the darkest fringe 

is positioned on the MB, and the light source is switched from white to monochromatic. 

Figure 9 demonstrates the correct setup. Then, one simply counts the number of reference 

fringes between the darkest fringe outside the MB and the MB itself. The wall thickness 

(t) of the MB can be calculated from the number o f fringes (x), the wavelength o f the 

monochromatic light source (/I), and the refractive index of the material (n *) by using the 

following expression,

JC/l

(3)

This method has been shown to be accurate to within 0.05 pm for measuring GMB wall 

thickness [10].

3. Density of Microballoons

Often, the density of MBs is of interest in determining other mechanical 

properties or can be used to distinguish between grades o f MBs. Two separate methods 

are often used. One is pycnometry, where the volume occupied by a known mass of 

microballoons is measured by the volume of gas the MBs displace in a pressure chamber. 

Then, the balloon density is simply mass divided by volume. This method provides 

density measurements that are highly sensitive to MB quality, i.e., cracked or broken
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MBs will be penetrated by the gas, resulting in higher density values than would be the 

case for undamaged MBs. The other method uses ASTM Standard B 527, originally 

designed to measure the average settled density of metal or ceramic powder, to measure 

the average settled density o f a manufacturing lot o f MBs. To perform this test, 50 ± 0.2 g 

o f MBs are placed in a 100 ml graduated cylinder, and then tapped 3000 times. The tap 

density of the MBs is their measured mass divided by the volume to which they settled 

after the vibration treatment. Note that this test depends on the settling behavior of the 

MBs, thus their surface characteristics, morphology, etc. will affect the settled density. A 

schematic of this test is shown in Fig. 10 [11].

4. Compression Test Methods

4.1 Nanocompression o f  individual microballoons

Perhaps the most recent development in MB testing has been that of the 

compression of individual MBs. This was done by adapting a nanoindenter to function as 

a compression test frame, replacing the Berkovich tip with a flat-ended punch-like tip, 

and placing a flat, polished stub into the sample stage to function as a lower platen. The 

flat-ended punch is usually a sapphire cylinder with a flat tip of 90 pm diameter, but, a 

smaller square cross-sectioned diamond tip o f 25 pm side length has proved successful.

A schematic of this arrangement can be seen in Fig. 11. These compression tests give 

very accurate measures of failure load and indenter tip displacement.

Many different types o f MBs have been tested via this technique, including 

CMBs, GMBs, partially cured phenolic MBs, and cured phenolic MBs. Figure 12 shows 

the different types of load-displacement behavior exhibited by these materials. As
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expected, MBs of traditionally brittle materials have well defined, mostly linear curves, 

whereas phenolic MBs display more ductility. The partially cured phenolic does not even 

display a fracture point, but instead plastically deforms until totally flattened on the 

substrate. This ductile vs. brittle behavior is not the only characteristic observable in 

load-displacement data. Morphological differences in microballoons may also be inferred 

from the shape of the curves. Figure 13 provides an example, wherein we see three types 

of behavior from CMBs that can be related to their morphology. Single-walled 

microballoons possess one of the first two types of loading curves, whereas balloons with 

several internal compartments show the confusing behavior labeled nested in the figure. 

Figures 2 ,3 , and 6 provide visual proof o f the existence of nested MBs in both glass and 

carbon. The flawed single-walled category of MB behavior was hypothesized to result 

from single walled microballoons that have holes or other imperfections in their walls.

Compression data provide several useful engineering parameters. Load (Pf) and 

displacement (5/) at failure are obtained directly from most load-displacement curves, the 

slope of the loading segment provides a pseudo-stiffness (£), and the work of fracture 

(Wf), defined as the area under the loading portion (or portions, for nested MBs) o f the 

curve. The diameter of the MB in the loading direction, or vertical diameter ($,), is 

merely the difference in the displacement at initial loading and that when the indenter 

impinges upon the substrate. The compressive failure strain {ej) is calculated as the 

quotient of the displacement at failure and the vertical diameter, thus:

Ji (4:
These parameters provide a fairly wide range of property data, and average properties 

may of course be calculated for each type of MB. Additionally, trends between various
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parameters have been observed. For glass microballoons, which appear to be the most 

uniform type of MB under microscopic inspection, the authors have observed the trends 

shown in Figs. 14 and 15, relating failure load of GMB and work of fracture to diameter. 

Other types o f microballoons examined by this technique have not shown these 

correlations, but tend to possess other, weaker correlations, due to their more irregular 

natures [7, 8,12].

4.2 Microcompression o f  individual microballoons

This test technique, from Bratt et al. [14], utilized a custom developed 

compression apparatus to perform uniaxial compression on glass microballoons. The aim 

was to characterize the compressive strength of GMBs, especially focusing on testing that 

would relate to the durability o f the MBs during mixing into polymer matrix composites. 

The test apparatus consisted of a motorized x-y stage, a stationary platen, and a conical 

flat-tipped rod to which an LVDT was attached. The MB was crushed between the platen 

and rod tip in essentially uniaxial compression, save for the affixing of the MB to the rod 

with epoxy. A force-time plot in compression was obtained for each MB, which was 

combined with a very precise measure of the wall thickness and diameter of each MB to 

yield stress-strain curves as explained below. These curves are generated based on an 

assumed failure at the equator o f each MB due to tensile stress. With this assumption, the 

stress and strain may be extracted from a “flexure test” model, giving stress at the MB’s 

surface as

F

and strain as
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In Equations 5 and 6, F  is the applied uniaxial compressive force, d  is the MB diameter, 

and t is the wall thickness. Once stress and strain are known, Young’s modulus o f the 

glass wall material was calculated from Hooke’s Law. One overall trend was the clear 

dependence of failure load upon wall thickness, as seen in Fig. 16 [14]. Note that the 

trend line shown corresponds to an average failure strength (o) o f 2.2 GPa, which 

compares favorably to the well-documented tensile strengths of glass fibers [13],

4.3 Compression o f individual macroballoons

Alumina hollow spheres of 1 -  5 mm diameters and 25 -  200 pm wall thickness 

were tested in uniaxial compression using a traditional mechanical test frame [14]. Raw 

data for this test was the failure load (Fc) of each hollow macroballoon. Unique to the 

Chung et al. [14] analysis is their definition of macroballoon strength (crs) as the quotient 

o f the failure load of the macroballoon and its projected area, thus

- 2 1 0.25 nd (7)

Equation 7 might appear to make an unprecedented use o f the area o f the macroballoons’ 

great circle to normalize the raw loading data. This is not totally without justification, 

however. In the oil industry, small hollow particles were considered as proppants— small 

particles that will hold fissures in rock formations open—in petroleum wells. The 

strength of these proppants was successfully modeled in terms of a number o f diametral 

contacts between close-packed hollow spheres that transfer a given force along each
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contact. When only a single contact is considered, the strength reduces exactly to that 

employed by Chung et al. [14]. Failure behavior o f these macroballoons was also 

predicted via finite element modeling, and both experimental and modeling results 

confirmed failure primarily along horizontal or vertical diameters. Relative density o f the 

macroballoons, relative to solid AI2O3, was found to correlate with macroballoon 

strength, as Fig. 17 shows for both the experiments and the modeling [14]. It can be seen 

that model overestimated the slope o f the curve substantially; this discrepancy was 

attributed to “imperfections such as non-uniform wall thickness, imperfect sphere 

geometry, flaws, small tails, etc. [14].”

4.4 Bulk isostatic compression o f  microballoons

This test method for microballoon characterization stems from the industrial need 

to characterize production lots of microballoons according to their compressive properties 

in a more efficient manner than individual compression provides. At one time, the 

procedure was an ASTM Standard, bearing designation D 3102-78, but it was withdrawn, 

for unknown reasons, in May 1984. Despite its withdrawal, it is still in use today as often 

the only test performed by MB manufacturers to characterize the compressive strength o f 

their MBs. 3M, for example, performs a slightly modified form of this test (3M QCM 

14.1.5) on all o f their GMBs except the highest strength grade, which is tested via the 

original ASTM method.

The basic premise of the test is to expose a batch of MBs to a high isostatic 

pressure, during which some of the MBs will collapse. The percent of MBs that collapse 

(or survive) is measured, and the MBs are classified according to the isostatic pressure at
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which a given volume percent o f the MBs tested collapse (or survive). Both test methods 

place the MBs in a rubber container filler with either glycerin or isopropyl alcohol inside 

a pressure chamber. The ASTM test used oil as the working fluid, whereas the 3M test 

employs nitrogen gas. Once the MB sample is in the pressure chamber, it is pressurized 

to a predetermined pressure while recording both pressure and volume. This process is 

repeated to get a second set o f pressure-volume data, and both data sets are plotted as 

pressure vs. volume curves. The initial pressurization is known as the collapse curve, and 

the second pressurization provides the system compression curve. Figure 18 provides an 

example of the two curves, which are used to determine the percentage of collapsed MBs 

in the test. Since air comparison pycnometry and a scale were used to determine the 

volume and mass o f both the MBs and their rubber container prior to isostatic 

pressurization, the density o f the MB wall material (p) can be used to find the volume of 

wall material (Vm) using the MB mass (M):

V m
P  (8)

Next, the original volume (Vv) of the MB’s interior void space is found by subtracting the 

volume of the wall material from the volume occupied by the MBs ( V ap), which is 

determined via the pycnometer.

V = V - V'  v r  ap ’  m ^ 9 ^

In Fig. 18, Vi refers to the total volume collapse, and is the difference in the collapse and 

compression curve values at zero pressure. To calculate the fraction of collapsed MBs at 

a certain pressure level, the void volume collapsed at that pressure (Vp) is found as

(10)
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where Vcompression (P) and Vcoiiapse (P) are the volume values of the compression and 

collapse curves at the pressure o f interest. Then, the percent volume collapse (V  collapse) is 

found as

According to the ASTM standard, this percent void collapse was the only reportable 

parameter from isostatic testing; however, since the demise o f the standard, the percent 

surviving MBs is often reported instead [6].

4.5 Isostatic compression o f individual microballoons

Another variation of the isostatic pressure testing for MBs is to test each MB 

individually. This is not a variation of the ASTM test, in that it places a single MB into a 

special holder, which is located inside a pressure chamber with a quartz window. A 

stereomicroscope is used to image the MB in the chamber as pressure is applied. When 

visual observation indicates that the MB has collapsed, the chamber pressure is recorded 

and testing ceases. Bratt et al. [13] used the equations for the accepted failure mechanism,

i.e., shell wall buckling, for a spherical pressure vessel subjected to external isostatic 

pressure to predict a failure stress (cr Failure) for MBs tested in this fashion as

where E  is the Young’s Modulus and vthe Poisson’s ratio of the MB wall material. 

Figure 19 provides the results of this test for several GMBs, where the trend line was

collapse =  100
(11)

2 E
Failure

( 12)
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calculated using a Young’s modulus of 56.5 GPa and a Poisson’s ratio o f 0.21. Note the 

agreement between the calculated curve and the experimental data points [13].

5. Tensile Test Methods

5.1 Mechanical Tensile Testing

Surprisingly, MBs have been successfully tested in tension, although the test 

doubtlessly was not purely tensile loading. The test technique, developed and employed 

solely at Los Alamos National Labs in the late 1970s, involves bonding two small brass 

rods to opposite ends o f a GMB’s diameter. Care is taken during bonding to ensure that a 

small region between the rods was left free o f epoxy, providing the gage length. These 

rods provided the grip regions for the ensuing tensile pulling of the MB in a loading 

frame designed specially for the test. The loading apparatus consisted of a dynamometer 

(mounted on a xyz translation table), from which load at failure was recorded. This test 

method appears to have been the only one of its kind, and was only used on a few 

specific batches o f KMS and 3M microballoons [15].

5.2 Tensile burst testing

This method was also conceived and executed solely at Los Alamos National 

Labs during the late 1970s for quality verification of KMS and 3M GMBs. It is 

performed by sealing a single GMB inside a quartz tube and heating to 350 °C while 

pressurizing the tube with helium. The critical step here is the pressurization rate, which 

must be carefully increased to avoid bursting of the MB by external pressure, allow 

sufficient time for the helium to diffuse through the MB walls, and allow pressure
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equalization between the interior and exterior o f the MB. According to Milewski and 

Marsters [15], for a 1 pm wall thickness GMB of 500 pm diameter, a final pressure o f 

2.07 MPa can be reached at 30.23 MPa/min, and must be held for 10 minutes to achieve 

equilibrium conditions. Then, the temperature is decreased to room temperature, and the 

pressure in the quartz tube is decreased until the MB bursts due to internal pressure. The 

MB is observed throughout the experiment via a stereomicroscope, and upon failure, the 

pressure difference supported by the MB walls is recorded. The pressure differential can 

be used to calculate the maximum tensile stress in the MBs wall according to the 

relationship

APd> a  = — —
4* (13)

Equation 13 is in terms of the tensile stress (cr), the pressure differential at failure (AP), 

the MB’s diameter (</>), and the wall thickness (t) o f the MB. The results of this test were 

compared to the uniaxial tensile testing technique and were observed to yield similar but 

lower values. These lower values were expected, due to the greater probability of 

stressing a critical flaw when subjecting the entire MB to loading, rather than just a 

particular gage length [15].

6 . Nanoindentation

Nanoindentation has become a routine method for determining the modulus and 

hardness of a material or of a phase therein, but, until recently, had not been applied to 

MBs. The method for indenting MBs successfully involved a single key step—the 

mounting and polishing of MBs in epoxy resin. Figure 5 provides an example of such a 

cross-section. Several samples such as this were indented in an MTS Nanoindenter XPII,
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and the continuous stiffness measurement technique was used to determine the hardness 

and Young’s Modulus from indents located in the thick regions o f the carbon walls. Data 

from these tests must only be taken from relatively shallow indentation depths, as the 

wall beneath the surface curves, and therefore limits the volume of material available for 

indentation. The necessity of 500 nm or less indentation depths placed instrument 

calibration and tip sharpness as critical parameters that were carefully checked before 

each test batch. The white arrow in Fig. 20 shows the location of a successful indentation 

on a 0.143 g/cm3 tap density CMB, and Fig. 21 provides the corresponding Young’s 

modulus vs. displacement into surface curve for this point. Overall, this technique has 

provided the only measure of Young’s Modulus for these CMBs (average was 12.76 

GPa), and could be adapted to any type of MB that could be mounted in epoxy and 

polished.

7. Synergy o f test techniques

Obviously, thorough characterization of the morphology and properties of 

microballoons requires a combination of the above techniques to obtain structure - 

property relationships. Information on morphology requires some sort o f microscopic 

examination, but there are advantages and disadvantages to most methods. If the MBs to 

be examined are transparent, then the interference technique described by Weinstein [10] 

will yield the best measure of wall thickness and diameter; however, for opaque MBs, the 

best method depends on what type of information is needed. SEM is a direct 

measurement method, but suffers if  large amounts of data must be gathered, i.e., a wide 

variation in wall thicknesses exists in the study population or a small confidence interval
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is desired. Conventional optical microscopy coupled with statistically valid stereological 

formulas is best suited to analyzing large amounts of data, but then calculation accuracy 

in statistical correction becomes an issue. The interference fringe analysis and laser 

confocal techniques both would seem to alleviate this difficulty with optical imaging, 

since direct measurements o f diameter and thickness are possible.

For evaluation of MB density, both pycnometry and tap density techniques can be 

used, although they each have limitations to their probative value. The gas pycnometer is 

sensitive to particle density and to the large volume change that occurs when MBs are 

fractured or broken. It is not at all sensitive to surface condition and particle geometry. 

Tap density is a measurement that takes into account the particle density as well as 

settling properties (particle geometry, friction, surface condition, etc.) and is important 

especially in three-phase syntactic foams [17]. However, tap density measurement would 

not differentiate, all else being equal, a sample containing 0% cracked MB and another 

that has 10% cracked MBs, assuming the cracked particles retain their spherical shape. 

Thus, each method yields different but complementary information regarding density.

Characterization of MB mechanical properties also requires a combination of 

testing techniques, depending upon what mechanical property is relevant. To predict the 

MBs load-bearing ability in conventional syntactic foams, isostatic pressure testing 

provides a reasonable measure o f the balloons’ survivability under multi-point loading, as 

is also true with their ability to be injection molded. Of the two isostatic test methods, the 

bulk test is clearly faster and more applicable to industry. Uniaxial compression data 

from microballoons is thought to relate more to the MBs durability in handling and 

mixing with polymers for syntactic foam construction. Of the methods for MB
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compression, none would scale well for commercial use, although the nanoindenter 

compression technique has been used for initial product evaluation and comparison 

between small populations with different processing parameters. The additional benefit 

here is the growing availability and reliability of nanoindentation equipment; not only can 

compressive properties be obtained, but the same instrument can also provide Young’s 

modulus of MBs. Of course, these techniques need simultaneous application of 

microscopic examination to extract both wall thickness and diameter from the MBs to 

realize maximum utility. In the realm of tensile testing of MBs, neither method has seen 

significant use outside a laboratory setting. While the burst test could provide useful data 

to complement isostatic crushing of single MBs, the uniaxial tensile procedure does not 

necessarily test the MB in pure tension. So, the choice o f method for mechanical property 

assessment should be based upon the anticipated stress states likely to be encountered in 

specific applications.

Further, evaluation of actual and potential reactions of MB, and foams in which 

they are incorporated, can be aided by 2D and 3D modeling. Commercially available 

software packages, as well as application specific programs, require input values from 

many of the techniques described. Both idealized and actual microstructures and MB 

morphologies can be hypothesized and evaluated for given applications.

8 . Conclusions

By combining electron and optical microscopic techniques with novel mechanical 

testing, microballoons may be characterized in terms of both their morphology and 

mechanical properties. Microballoon wall thickness, diameter, and sphericity are all
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determinable by microscopy, and these results aid in the analysis o f the compressive 

loading data from various test procedures. Isostatic compression o f both individual and 

bulk microballoon samples can be used to determine failure strengths, uniaxial 

compression tests are available for failure load determination, and some tensile testing 

has been performed. Additionally, nanoindentation of microballoon wall materials has 

been proven to be a method for obtaining hardness and modulus. Together, all o f these 

techniques can provide both manufacturers and customers a better understanding of 

microballoons’ performance.
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11. Figures

Figure 1 Phenolic microballoons, showing size range and many broken balloons. SEM

Figure 2 GMBs (3M A16/500). Note the size range and regular morphology. SEM
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Figure 3 0.177 g/cm tap density CMBs, showing general spherical morphology. Defects
like multi-compartmented and broken MBs are also visible (arrows) SEM.

Figure 4 Wall thickness measurement of CMB fragments. Range of observed thickness 
in the figure is 0.5 to 2.4 pm. SEM. After refs. [7, 8],
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Figure 5 Polished cross-section of CMBs mounted in epoxy. This representative image of 
those used for quantitative microscopy also shows internal structure and variation in MB 
wall thickness.
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Figure 6 Schematic of MB sectioned above its great circle. Light grey region represents 
the sectioned surface, with diameter and thickness on the sectioning plane inaccurate as 
shown.
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Figure 7 Optical interferometry image of 0.143 g/cm tap density CMBs mounted in 
epoxy, allows direct measurement of wall thickness.

( p m )

Figure 8 Laser confocal microscope image of 0.143 g/cm3 tap density CMBs mounted in 
epoxy. Wall thicknesses standing proud with respect to the mount resin.
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Dark fringe

Reference fringe

Figure 9 Schematic o f interference light microscope configuration use to measure wall 
thickness of transparent MBs. After ref. [10].
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graduated
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Figure 10 Schematic of tap density test apparatus for ASTM B 527. After ref. [11].
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M a t- l ip
Indenter

AI Substrate

Figure 11 Schematic of nanoindenter modified for use in compression testing of MBs. 
After refs. [7, 8].
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Figure 12 Compression curves from MBs composed of different materials. Note the 
brittle vs. ductile behavior.
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Figure 13 Possible types of compression behavior for brittle CMBs. After refs. [7, 8].
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Figure 14 Direct correlation of failure load to MB diameter for GMBs (3M A16/500). 
After ref. [12].
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Figure 15 Work of fracture correlated favorably with MB diameter for GMBs ( 3M 
A16/500). After ref. [12].
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Figure 16 Failure load vs. measured wall thickness for GMBs, showing Pf a  t2. After ref.
[13].
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Figure 17 Strength vs. relative density squared for AI2 O3 macroballoons. Linear 
relationships for both predicted and theoretical curves. After ref. [14].

Collapse Curve

Compression Curve
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Volume (cm3)
Figure 18 Compression curve from isostatic testing of batches of MBs, as per ASTM D 
3102. % Survivors found from difference in compression and collapse curves. After ref. 
[6],
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Figure 19 Aspect ratio vs. isostatic buckling pressure for individual GMBs. After ref. 
[13].

50 nm
Figure 20 Optical image of CMBs used for nanoindentation. Indent located in CMB wall 
at white arrow. Fiducial indents also visible at lower left.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



56

200

180

160

S. 1 4 0
(9
§ 120
a| 100

& 80 
C

|  60

40-

2 0 -

500450150 300 350 4000 50 100 200 250
Displacement into Surface (nm)

Figure 21 Modulus vs. displacement curve for the indent in Fig, 20. Average modulus 
between 100 and 500 nm was 20.409 GPa.
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Abstract

In this paper, we report on some aspects of the microstructural and mechanical 

characterization of a three-phase syntactic foam composed of carbon microballoons, a 

bismaleamid binder, and interstitial voids. Quantitative microscopy was performed on 

polished cross-sections of samples of these foams, with the impetus being determination 

of the volume fractions of several phases in these materials. The volume fractions of 

nested microballoons, intact microballoons, bismaleamid binder, and carbon wall 

material were defined and evaluated from point counts on foam micrographs. As the 

percent packing of the foams evaluated increased, trends toward decreasing intact 

microballoons and increasing carbon wall material were observed. Foam packing was 

seen to have little effect on the volume fraction of bismaleamid or on nested 

microballoon content. Impulse excitation o f parallelepipeds of this foam was also 

conducted, in conformance with ASTM E 1876, to determine the dynamic flexural 

Young’s modulus of these materials at several different foam densities. Linear 

relationships between Young’s modulus and bulk density of the foam were observed, as 

were similar trends with foam overpacking. Additionally, the moduli of foams composed 

of different microballoon tap densities were observed to fall on different linear curves.
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1. Introduction

Syntactic foams are a class of composite materials that are o f particular interest to 

designers o f lightweight components for transportation, aerospace, or submersibles. 

Syntactic foams possess very good specific properties, especially compressive 

characteristics, due to the tailorability of their microstructures. Specifically, these 

materials consist o f hollow particles dispersed in a binder, or matrix, phase. The 

microstructure o f these materials is considered a designer microstructure because, unlike 

blown foams, the foaming operation is based on mechanically incorporating the hollow 

microspheres, i.e. microballoons (MBs), into the binder. Varying amounts o f MBs of 

different average size, wall thickness, or material may be chosen to tailor the foam’s 

properties to the application. Additionally, the binder material may be adjusted in both 

type and amount to achieve a particular property set for the resulting syntactic foam [1- 

9],

Syntactic foams may be further subdivided into three main categories: two-phase, 

three-phase, and multi-phase. The material characteristic distinguishing between the first 

two categories is interstitial void content. Foams wherein the interstitial void content is 

small and unintentional are two-phase foams, whereas foams that are consciously 

designed to possess interstitial voids, usually significant volume fractions, are three-phase 

foams. The multi-phase foams build upon these foams by the addition of reinforcing 

phases, namely fibers, rubber particles, or nanoclay [4, 7, 8,10-13].

In this paper, we report on a specific three-phase syntactic foam, composed of 

carbon microballoons (CMBs), a bismaleamid binder (APO-BMI), and interstitial voids. 

While compressive, flexural, thermal, and shear testing of this material is available in the
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literature [14-17], there is a lack of data characterizing the foam microstructurally. 

Specifically, we have performed quantitative microscopic measurements on polished 

samples of the foam microstructure and impulse excitation determination of dynamic 

Young’s modulus for foam samples of several different bulk densities. The goals o f this 

evaluation were to determine the modulus of this three-phase CMB syntactic foam and to 

gain insight into the microstructural origins of this foam’s behavior in compression and 

flexural testing.

2. Experimental Procedures

2.1 Quantitative microscopy

Foams composed of 60 weight percent of CMBs (0.179 g/cm3 tap density) and 40 

weight percent APO-BMI (8.5 volume percent) were mounted via resin-impregnation and 

polished using a specially developed procedure. This procedure involved grinding on 

500,1200, and 4000 grit SiC papers with water as a lubricant, followed by a 3 pm 

diamond polish, and finished with a 0.04 pm SiC>2 chemical polish [18]. After polishing, 

the samples were imaged at a magnification of 500 X; at this magnification, the phases 

were resolved. These images were then processed in Adobe Photoshop using a digitally 

superimposed counting grid with 192 grid intersections on each image. The volume 

fractions (Vf) of the relevant microstructural features of interest (intact CMBs, nested 

CMBs, APO-BMI, and carbon wall material) were found from point counts (P) o f grid 

intersections with the phase of interest, thus:

(1)
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This equation is merely a restatement of the well-known equality between point fraction, 

areal fraction, and volume fraction for isotropic materials, adapted for use with our 192- 

intersection counting grid. Figure 1 provides an example o f a micrograph with the 

superimposed count grid, where the colored dots are point counts for the features of 

interest. For all volume fraction measurements, counting was performed until a 95 

percent confidence interval for the measurement was achieved.

2.2 Dynamic modulus by impulse excitation

Young’s modulus was measured dynamically by impulse excitation as per ASTM 

E 1876. In this technique, rectangular parallelepipeds of sample are placed such that their 

flexural nodes of vibration rest on supports at 22.4 % of the length of the sample from 

either end of the parallelepiped. The bar is struck with an elastic tap and the sample’s 

resonant frequency is measured with a handheld transducer or microphone. Figure 2 

shows a schematic o f the sample configuration. The dynamic, flexural Young’s modulus 

o f the sample can be calculated from the equations below [19]:

Equations (2) and (3) assume that the density and modulus of the sample are constant 

throughout and involve the sample’s fundamental resonant frequency (f), mass (m), 

length (L), width (b), Poisson’s ratio (v), and thickness (t). Ti is a correction factor 

accounting for finite sample size. The Poisson’s ratio (0.15) used for these materials was

(2)

T , =  1 +  6.585(l + 0.0752V +  0 . 8 1 0 9 v

1 + 6.338(l +  0 . 1 4 0 8 v  + 1 .536

8 . 3 4 ( l  +  0 . 2 0 2 3 v  +  0 . 8 1 0 9 v (3)
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calculated based on measured Young’s and shear modulus values and the assumption of 

isotropy.

3. Results and-Discussion

Quantitative microscopy was performed using optical microscope images o f two 

of the CMB foams with the primary objective of quantifying the volume fractions (Vf) 

occupied by various features and phases found in the foams. Volume fractions for the 

following were measured: the APO-BMI binder phase, the intact CMBs, the nested 

CMBs, and the carbon wall material. By definition, an intact CMB was any CMB that did 

not fill with mounting resin during vacuum impregnation, and a nested CMB was one 

with an internal wall structure resulting in a multi-compartmented CMB. The amounts of 

both intact and nested CMBs are important to overall foam properties. Intact CMBs will 

have greater structural integrity than flawed CMBs [20], and nested CMBs were shown to 

have lower failure loads and stiffness but often higher failure strains and fracture energies 

than single-walled CMBs [21]. Examples of these features are shown in Fig. 1. The 

volume fractions were determined from manual point counts on foam microstructures, 

using Eqn. 1.

These data were collected for foams containing CMBs (0.179 g/cm3 tap density, 

per ASTM B 527 [22]) in two different manufacturing conditions (or foam overpacking) 

conditions. An overpacking condition in these foams is achieved by either overfilling or 

underfilling the mold with CMBs during foam manufacture. The tap density standard 

provides a measure of the volume occupied by a known mass o f MBs after settling by 

mechanical vibration. From this tap density measurement, the mass of CMBs required to
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fill a mold of a known volume may be calculated; this mass corresponds to zero percent 

overpacking and is often referred to as the tapped dense condition. If the volume of 

CMBs is increased by a given percentage above that for a tapped dense foam, the foam 

has that given positive percent overpacking; conversely, a foam may be produced using 

less CMBs than for the tapped dense condition. This foam will have a negative percent 

overpacking. The conditions upon which volume fractions were measured were 10 and 

20 percent overpacked.

The average and standard deviation values for the microscopic parameters 

previously discussed are given in Table I. Analysis of the data revealed a difference in the 

volume fraction of APO-BMI measured in the foam compared to the amount that was 

expected (8.5 volume percent) from manufacturing. As Fig. 3 shows, this discrepancy is 

due to the resolution limits of the optical microscope. A 0.25 pm thick layer of APO-BMI 

coating on each CMB wall is observed by high resolution scanning electron microscopy 

but could not be resolved optically; thus some undercounting was inevitable. We saw that 

increased overpacking caused an increase in the volume fraction o f carbon and a 

statistically insignificant decrease in the percentage of intact CMBs, proving that 

overpacking resulted in a more close-packed arrangement of CMBs in the structure 

without inducing significant CMB breakage. The increase observed in nested CMBs, 

although also not statistically significant, may be due to more CMBs present as the result 

of overpacking and/or the higher fracture energies o f nested CMBs [21].

The ultrasonic testing of this material was conducted on foams composed of 

CMBs of two different tap densities (0.15 and 0.179 g/cm3). Young’s modulus was 

measured dynamically for foams manufactured in the following conditions: 0 ,10,20, and
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30 (for 0.179 g/cm3 only) percent overpacking. Figures 4 and 5 show the results.

Modulus and bulk density both increased with increased overpacking, and modulus also 

increased with increasing bulk density, as Gladysz et al. [14] observed in mechanical 

testing. The effect o f tap density composition of the foams was also seen, as the modulus 

data sets separated by tap density. Although the two tap density foams in Fig. 5 did not 

overlap in bulk density, the trendlines suggest that the lower tap density would have a 

higher modulus at a constant bulk density. Since the lower tap density CMBs have been 

shown to possess thinner walls and lower failure strengths [18,21,23], this trend seems 

unexpected. However, the arrangement of carbon in the low tap density foam results in a 

larger number of thinner CMB walls over which loading will be distributed, because the 

lower tap density CMBs are overpacked to achieve the same bulk density foam as that 

formed from a higher tap density [14]. Furthermore, a larger number o f thin CMB walls 

in a more close-packed arrangement results in a greater number of shorter binder bonds 

and more load-bearing CMB-binder interfacial area, as observed by Gladysz et al. [14] in 

flexural testing. Thus, our non-destructive measurements of the modulus o f these carbon 

microballoon foams also emphasize the effect of both CMBs and binder on the foam’s 

mechanical properties.

4. Conclusions

Quantitative microscopy and impulse excitation testing of the three-phase CMB 

syntactic foams were performed. From image analysis, we found that the volume fraction 

of APO-BMI was only ~ 6 %, instead of the 8.5 % expected from the manufacturer. This 

discrepancy was explainable by the sub-micrometer thick, optically undetectable, film of
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APO-BMI distributed throughout the foam microstructure on the surfaces o f most o f the 

CMBs. Additionally, the volume fraction o f carbon in the structure increased with 

increased overpacking, as expected. The impulse excitation data for foams of 0.15 and

0.179.g/cm3 tap densities confirmed the trends in Young’s modulus observed from 

mechanical testing o f these materials. In any tap density, Young’s modulus was seen to 

increase linearly with foam bulk density and with percent oVerpacking. Inter-tap density, 

we observed that the higher tap density samples tended to have higher Young’s modulus 

and density values, indicative of the higher average wall thickness of the higher tap 

density CMBs.
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7. Tables and Figures

TABLE I: Measured volume fraction of constituents in CMB foams.

Foam Condition 10 percent 20 percent

Vf APO-BMI (%) 6.52 ± 0.65 5.54 ± 1.52
Vf Nested CMB (%) 21.38 ±2.28 24.78 ±2.39
Vf Intact CMB (%) 62.34 ± 2.36 59.95 ± 2.72

Vf C walls (%) 5.38 ± 0.54 7.22 ± 1.92
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Figure 1 Example micrograph for volume fraction determination. The counting grid has 
192 intersections and shows sample point counts for APO-BMI (blue), nested CMBs 
(aqua), intact CMBs (yellow), and carbon (violet).

Elastic tap

Microphone

Figure 2 Schematic of the configuration for impulse excitation determination of Young’s 
modulus. The locations of the supports, the microphone, and the elastic tap are shown, 
relative to the sample’s length (L), width (b), and thickness (t).
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Figure 3 Micrograph of carbon microballoon syntactic foam surface. SEM. (a) This 
micrograph shows a CMB and the APO-BMI at a foam fracture surface, (b) Zoom of a 
region of the CMB’s surface that shows a thin layer of APO-BMI that coats the CMBs in 
the foam. (SEM by O. Wilhelmi at FEI Co.)
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Figure 5 Modulus vs. bulk foam density. Modulus is a linear function of density.
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Abstract

In three-phase syntactic foams, the binder phase plays the vital role of holding the 

compressive load bearing microballoon components in place. The binder is generally a 

polymer. It is important to characterize the binder as part o f any effort to characterize 

three-phase syntactic foams. To obtain thermal and mechanical properties, we have 

performed differential scanning calorimetry and nanoindentation on samples of the binder 

resin used in a three-phase carbon microballoon syntactic foam system. The binder o f this 

foam is a specific variety of bismaleamid known as APO-BMI, which differs from the 

prototypical bismaleamid in that it has an extra methyl group and two sulfur atoms 

between the central benzene rings. Through differential scanning calorimetry, we 

determined that the melting temperature of neat APO-BMI is 120 °C and that the curing 

exotherm onsets at 230 °C. The presence of carbon microballoons was seen to affect the 

curing reaction of APO-BMI, reducing the onset o f curing by 25 °C and decreasing the 

heat of reaction for curing. The Young’s modulus of cured APO-BMI was determined by 

nanoindentation to be 6.6 GPa.
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1. Introduction

Characterization of the polymeric binder phase, APO-BMI, in a three-phase 

carbon microballoon (CMB) syntactic foam, is necessary to better understand the 

properties o f the entire system. This is especially important in three-phase foams, where 

the volume fraction o f the binder phase can be very low [1]. Thus, there is a very small 

amount of material binding the microballoons (MBs) in place in a molded foam structure, 

and the mechanical properties o f the binder can have a large impact on the behavior of 

the overall foam. Specifically, the binder has been shown to exert the greatest influence 

on the tensile and flexural strengths of three-phase foams [2-6]. Additionally, the 

properties o f the binder phase are required for finite element modeling efforts o f three- 

phase syntactic foams.

Figure 1 shows the chemical structure o f APO-BMI [2, 7, 8]. Since it is very 

difficult to obtain solid samples for testing, the characterization effort was limited in 

scope. Both differential scanning calorimetry (DSC) and nanoindentation were performed 

to characterize the available APO-BMI samples. The objective of the DSC study was to 

determine the melting temperature (Tm), curing reaction temperature, and the glass 

transition temperature (Tg) of the APO-BMI. Additionally, comparison of the DSC 

results from neat APO-BMI and APO-BMI in-the-foam was performed to elucidate the 

possible effects of the CMBs on the curing reaction. Nanoindentation of this material was 

done to obtain the Young’s modulus and hardness from very small samples of cured 

APO-BMI.
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2. Experimental Procedure

2.1 Differential scanning calorimetry

DSC of the neat APO-BMI and of the APO-BMI in the syntactic foam was 

performed in a differential scanning calorimeter (TA Instruments Q100), with modulated 

DSC capability. All in situ APO-BMI data were taken from samples o f nominally 60 

weight percent CMBs and 40 weight percent APO-BMI, mixed such that the uncertainty 

in weight measurement allowed actual weight percents to range from 59.07 to 60.06 for 

the CMBs and from 39.95 to 40.87 for the APO-BMI. The heats o f curing for all in situ 

samples were normalized for the APO-BMI content of the foam. Additionally, DSC data 

were taken for the same neat APO-BMI and foam in the cured condition, in an attempt to 

detect the Tg of the APO-BMI. Initial investigation of the curing of the APO-BMI 

samples was performed using standard DSC runs, from 35 to 350 °C at 10 °C/min. The 

data taken on the APO-BMI in the cured condition, however, were obtained using 

modulated DSC, enhancing the sensitivity for better detection of the Tg of APO-BMI. 

Modulated tests again covered the same temperature range, but reduced the heating rate 

to 5 °C/min. All DSC experiments used sealed sample containers and a nitrogen gas 

atmosphere.

2.2. Nanoindentation

Nanoindentation, using a nanoindentation system (MTS Nano Instruments XPII), 

was performed on APO-BMI samples to determine their Young’s modulus and hardness. 

The APO-BMI studied were in situ samples on a polished sample of syntactic foam and a 

small piece o f neat, cured APO-BMI. The continuous stiffness measurement (CSM)
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technique o f the MTS indenter allowed modulus and hardness data as a function of 

Berkovich indenter tip penetration into the surface to be gathered [9, 10]. As APO-BMI is 

a very brittle thermosetting polymer, the CSM technique was invaluable because i t .. 

allowed indentation data to be taken from shallow indentation depths (less thanl pm) in 

the neat APO-BMI samples, beyond which point crack propagation at the comers o f the 

indent would occur. For the neat samples, care was also taken to avoid indentations near 

regions o f high porosity. In the in situ condition, precise indentation placement, at the 

binder pools between CMBs, was critical. Additionally, averages for hardness and 

modulus had to be taken from plateaus at very shallow indentation depths (less than 500 

nm), both to avoid edge effects from the nearby CMB walls and to stay within the limited 

volume of APO-BMI (no more than a few pm3) at the binder necks between CMBs.

3. Results and Discussion

Earlier, unpublished, calorimetry work by Honeywell Federal Manufacturing & 

Technologies and Los Alamos National Laboratory on this material had revealed that the 

APO-BMI melts between 118 and 122 °C and initiates curing near 210 °C [2, 7, 8]. We 

wished to verify these results and compare the behavior of the neat APO-BMI to that of 

APO-BMI in the foam, i.e., when mixed with CMBs in the same proportions as in the 

foam. Figures 2 and 3 provide representative DSC curves of the curing reaction from 

APO-BMI, neat and in situ with CMBs, respectively. As can be seen in both figures, the 

APO-BMI exhibited a distinct melting endotherm, for which the average and standard 

deviation wasl 19.89 ± 0.06 °C. Both neat and foam samples also exhibited a curing 

exotherm, or heat evolution resulting from the homopolymerization cross-linking
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reaction. An interesting discovery was the temperatures at the onset and the peak of the 

curing reaction. In neat APO-BMI, their average and standard deviations were at 217.43 

±15.53 and 276.63 ± 7.44 °C, respectively. However, Fig. 3 showed a reduction in these 

temperatures for the APO-BMI in the foam, to 205 and 270 °C. This theory is further 

supported by the heats o f reaction calculated from the area under the cure exotherms.

This value’s average and standard deviation for the neat APO-BMI was 214.41 ± 2.84 

J/g, which is significantly greater than that for the APO-BMI in the foam, viz. 188 J/g. 

This indicated that the curing reaction was more energetically favorable for the APO- 

BMI in the foam. Various forms of carbon have been shown to affect curing of other 

thermoset-based composites [11-14], thus it is hypothesized either that the CMBs are 

catalyzing the reaction or that the thermal conductivity of the CMB phase is affecting the 

cure behavior. Considerable further study, at various heating rates, would be required to 

verify which mechanism caused the behavior.

A secondary interest was determining the Tg of the APO-BMI. Thus, a second 

DSC run was performed on each of the neat and in-the-foam samples, after curing. This 

was intended to detect the concavity changes and inflection points in the heat flow and 

reversible heat flow graphs that would indicate the presence of the Tg. In all neat samples, 

no Tg was apparent; however, for APO-BMI in-the-foam, the average and standard 

deviation for the Tg was detected as 330.41 ± 0.86 °C. The concavity changes, inflection 

points, and their associated Tg are labeled on the reversible heat flow graph in Fig. 4. The 

Tg was validated by plotting the derivative o f  the heat capacity with respect to 

temperature versus temperature. The small peak at the Tg temperature confirmed the 

existence of the Tgat 330 °C in the APO-BMI in the foam, see Fig. 4. Presumably the
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lack of a Tg in neat APO-BMI occurred because of its greater crystallinity vs. the in situ 

samples, but the lack of a totally crystalline reference standard for APO-BMI prevented 

determination of the percent crystallinity. Since the Tg observed is well above the service 

parameters for the foam, further investigation was not necessary.

Nanoindentation tests were performed on APO-BMI, both neat and in situ in the 

syntactic foam, and this test represents, to our knowledge, the only mechanical property 

data available for this material. Using the CSM technique, indentations were performed 

on APO-BMI in the foam, as shown in Fig. 5. In situ measurements yielded average and 

standard deviation values for Young’s modulus and hardness o f 5.88 ± 1.55 and 0.49 ± 

0.18 GPa, respectively. These values, from approximately a dozen successful 

indentations, compare quite favorably with the average and standard deviations, 6.60 ±

0.339 and 0.460 ± 0.029 GPa, for Young’s modulus and hardness respectively, taken 

from 163 successful indents into a neat APO-BMI sample. Statistical treatment of the 

values from the neat APO-BMI found the 99 percent confidence intervals for the 

measurements to be 6.60 ± 0.05 and 0.460 ± 0.004 GPa, for Young’s modulus and 

hardness respectively. Figure 6 provides an example micrograph of 10 indents on the neat 

sample, revealing the necessity of taking data from shallow depth due to the brittle nature 

o f the sample— vis-a-vis the cracks formed at the comers of the 2 pm deep indents.

Thus, we have good agreement regarding the measured modulus and hardness values for 

APO-BMI.
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4. Conclusions

Differential scanning calorimetry was performed on neat APO-BMI and in APO- 

BMI in the syntactic foam, investigating the melting temperature, curing reaction, and 

glass transition temperature of the APO-BMI. The melting temperature o f the APO-BMI 

was found to be 120 °C regardless of the presence of CMBs, but the onset and peak 

temperatures o f the curing reaction were found to be lower for APO-BMI in-the-foam. 

Additionally, the heat o f reaction for curing of APO-BMI was found to be lower in the 

presence of CMBs, suggesting that the CMBs may affect the curing behavior. Young’s 

modulus and hardness o f APO-BMI were obtained at room temperature, using a 

nanoindenter, and were found to be 6.6 and 0.46 GPa, respectively.
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7. Figures
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Figure 1 Chemical structure of cured APO-BMI. The sulfur atoms, one CH2 group, and 
the location of the nitrogen bonds are the differences between APO-BMI and the 
prototypical bismaleamid (BMI).
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Figure 2 DSC curve of neat APO-BMI. The melting endotherm is at 119.88 °C, and the 
curing exotherm onsets at 228.41 °C. The heat of curing, determined as the area under the 
curing exotherm, is 212.4 J/g.
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Figure 3 DSC curve for blend of 60 weight percent CMBs and 40 weight percent APO- 
BMI. The melting endotherm of APO-BMI was unchanged by the presence of the CMBs, 
but the curing exotherm shifted to 205.33 °C. The heat of curing, 182.7 J/g, was also seen 
to decrease with the addition of CMBs.
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Figure 4 DSC curve of cured syntactic foam. The concavity changes and inflection points 
(superimposed black lines and crosses) in the heat flow and the reversible heat flow 
graphs suggest that the Tg of APO-BMI is at 329.8 °C. A small peak in the derivative 
heat capacity curve confirmed the presence of the Tg.
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A PO-BM I/mount 
resin boundary \

Berkovich
n a n o i n d e n t a t i o n

Figure 5 Micrograph of in situ nanoindentation of APO-BMI. Nanoindentation is barely 
visible between CMBs (black dotted lines added for emphasis). The boundaries between 
the APO-BMI and the mount resin were also enhanced with white dotted lines, for ease 
of viewing. Data taken from such indents were restricted to shallow depths to avoid edge 
effects. SEM.
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Figure 6 Optical micrograph of nanoindentations in APO-BMI. Cracks around indents 
emphasize the brittle nature of cured APO-BMI and the necessity of the CSM technique, 
which allows extraction of mechanical properties from shallow depths in this material, 
before cracking has occurred.
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Abstract

Carbon microballoons (CMBs) with tap densities of 0.143, 0.161, and 0.177 •'

g/cm3, as measured per ASTM B 527-93, were characterized in terms of individual 

balloon diameter, wall thickness, and mechanical behavior in compression through a 

novel uniaxial compression test technique. This compression test, performed on an MTS 

Nanoindenter XPII, utilized a flat-ended cylindrical tip rather than the common 

Berkovich indenter. Quantitative microscopy techniques were used to obtain diameter 

and wall thickness measurements on the polished cross-sections of individual CMBs that 

had been cold mounted in epoxy resin. Though there was significant overlap in the three 

populations, a trend toward increasing average wall thickness—from 1.32 to 2.16 pm— 

with increasing tap density was observed. Compressive property data including failure 

load, failure strain, fracture energy, and stiffness were obtained for individual 

microballoons. Comparison of these data, both inter- and intra-tap density, has yielded 

some viable trends. CMB failure strain exhibited a dependence upon the inverse square 

root of the CMB diameter, and CMB failure load depended linearly upon CMB stiffness. 

Averages for each tap density’s failure load, pseudo-stiffness, and fracture energy were 

also calculated and observed to increase with tap density.
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1. Introduction

Syntactic foams are a type of composite that is currently garnering considerable 

interest. In the increasing drive toward higher fuel efficiency, these foams are o f especial 

importance. They provide a lightweight, high specific property component for composite 

beams and other structural applications in the transportation industry, and offer similar 

advantages to the aerospace and defense markets. In these foams, the voids are achieved 

by incorporating microballoons in the matrix thus utilizing the traditional blowing 

process only to produce the microballoons. Microballoons of ceramic, polymeric, or even 

metallic composition provide the voids through their geometry—namely a small, hollow, 

spherical shell. Syntactic foams currently exist in two basic varieties: two-phase and 

three-phase. The two-phase foams consist of microballoons surrounded by a continuous 

matrix material, whereas a three-phase foam has a polymeric matrix phase that does not 

completely occupy the voids between the microballoons. Multiphase foams merely build 

upon these two basic syntactic foams. Figure 1 provides an example of a three-phase 

carbon microballoon (CMB) syntactic foam [1-3].

With research on the characterization and modeling of these foams intensifying, 

mechanical property data for the constituents becomes increasingly important. While data 

are often readily available for the binder phase, the same is not the case for the 

microballoons. Much of this inequity has stemmed from the lack of mechanical testing 

abilities for such small specimens; most microballoons used in syntactic foams are less 

than 500 pm in diameter, with many foams utilizing microballoons in the size range of 1- 

150 pm. Recent advances in materials testing equipment, combined with innovative
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adaptations, are allowing mechanical property information to be extracted from single 

microballoons.

There are several different material types o f microballoons, as well as 

subcategories within each type, that may be used to construct syntactic foam. Glass and 

phenolic are two common materials in which microballoons are commercially available. 

Glass microballoons (GMBs) are often categorized according to size, wall thickness, and 

isostatic crush strength, thus providing some idea of their expected properties. However, 

this is not necessarily the case for other types o f microballoons, including the carbon 

microballoons studied here. Instead, these CMBs are demarcated only by their tap 

density, an ASTM standard measurement (B 527) of the volume occupied by a known 

mass of powder after a suitable settling procedure. This test was originally intended as a 

measure of the bulk properties of metallic or ceramic powders, but it is now applied to 

microballoons. Tap density testing provides a measure of the average wall thickness o f a 

particular test lot, assuming that each lot has similar settling behavior, but yields no 

indication of individual microballoon properties [4-7].

2. Experimental Procedure

2.1 Quantitative microscopy

Determination of microballoon size and wall thickness complements the data 

from compressive testing. The original problem of examining the CMBs was that of 

obtaining proper cross-sectional images. This was solved by developing a unique 

polishing procedure for use with the highly porous CMB foam [5]. Further adaptation of 

this technique has led to the mounting of CMBs in epoxy resin, and subsequent polishing.
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Note that most CMBs, when mixed with epoxy for mounting, float. This difficulty was 

alleviated by double mounting the specimens. First, CMBs were mixed into resin, which 

hardened with most CMBs rising to the top surface of the mount. These mounts were 

then sectioned using a diamond wafering saw and re-mounted in epoxy at an orientation 

perpendicular to the original mounting orientation. This allowed polishing through a 

cross-section of the CMB-rich surface layer of the original mount. Random optical 

images (see Fig. 2) of this surface were then taken at 500 X magnification, and the 

minimum and maximum diameter and wall thickness o f each single walled microballoon 

were measured. It must be recognized that these measurements are mean lineal intercepts 

(X) and not direct measures of wall thickness or diameter because the location of the 

sectioning plane through each microballoon is unknown. If the balloon were sectioned 

along its great circle, then the measurements would be the actual diameter ($) and 

thickness (/); however, if the sectioning plane lay above or below a great circle, as 

illustrated in Fig. 3, the measured diameters will be less than the actual diameter and the 

measured intercept through the wall will exceed the actual radial measure. Since the 

location o f the sectioning plane of each CMB was unknown, statistical methods were 

applied to the mean lineal intercept measurements, providing the calculated diameter or 

wall thickness. The formula relating the mean lineal intercept (X diameter) through a 

spherical object to the diameter (0) is [8]

Starting from the definition o f the mean lineal intercept, which states that the intercept is 

four times the volume divided by the surface area per unit volume, and the geometric

'diameter (1)
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relationship between the internal diameter, external diameter, and thickness of a spherical 

shell, the wall thickness can be related to the actual diameter and measured mean lineal 

intercept:

T _4f(f2-1.5f0+O.7502)
" =  3 ^ 2 - + i).5^ 2) P )

Equation 2 was solved for each measured CMB, using that particular CMB’s corrected 

diameter and mean lineal intercept. These data have been used to calculate average 

thicknesses for each tap density, in addition to obtaining individual thickness vs. diameter 

graphs.

2.2 Compression testing o f  individual microballoons

Three lots o f carbon microballoons were selected for this study. They are 

distinguished by tap density; approximately 140 CMBs from each 0.143, 0.161, and 

0.177 g/cm3 tap density lot were subjected to uniaxial compression testing, on a 

micrometer-level scale. Although this procedure has been delineated in detail elsewhere

[4], a brief description will be presented here. A Nanoindenter XP II by MTS Nano was 

adapted to take advantage of its 0.02 nm displacement resolution and 50 nN load 

resolution to perform the compression test. In this endeavor, a polished A1 substrate is 

inserted into the indenter’s specimen stage, and a flat-ended sapphire tip is substituted for 

the typical Berkovich indenter. These two surfaces become the lower and upper platens, 

respectively, for the compression of individual microballoons that were carefully placed 

on the A1 surface prior to testing. A schematic representation of this apparatus is shown 

in Fig. 4. The load cell and x-y planar movement of the instrument were calibrated prior 

to testing, ensuring both the accuracy of measurement and the uniaxiality of the test.
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These compressive tests yielded very accurate load and platen displacement data for the 

compression o f individual CMBs from each tap density, as well as a measurement on the 

x-y plane of the CMB’s diameter (< |)h )  via the attached optical microscope.

Failure loads (P/) for each CMB were obtained by this test. Careful consideration 

of the test geometry also indicates that the displacement data yielded an accurate measure 

o f the diameter ($,) o f each CMB—it was the total distance traveled by the sapphire 

indenter from initial contact with the microballoon until contact with the A1 substrate. 

Note that the subscript v indicates that </k is what we term the vertical diameter, which, 

due to the imperfectly spherical nature of the CMBs, may not exactly equal the horizontal 

diameter measurement. The failure point also provided the displacement at failure (ty), 

which was used in conjunction with the diameter to define the failure strain (£c) o f each 

CMB as follows:

e.- = (3)

The linear loading segment is characterized by a pseudo-stiffness (k) of the CMB. This is 

essentially a spring constant term, and is presumably a function of: the modulus o f the 

carbon in the CMB’s walls, the CMB’s diameter, the CMB’s wall thickness, and the 

CMB’s concentricity. Another useful parameter obtainable from the load-displacement 

curve is the work o f fracture (Wy) for the microballoon:

W, J - P , s ,  (4)

This term is obtained as illustrated in Fig. 5 for single-wall CMBs; but is actually the sum 

of several such triangular or trapezoidal areas for CMBs of more complicated
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morphology. The expression for the work o f fracture in terms of the properties obtainable 

from compression testing (P/and <jK) is,

where the Young’s modulus (E) of the CMB wall material was selected as 12 GPa, (a 

reasonable value based on nanoindentation work) Poisson’s ratio (v) was chosen as 0.22 

(valid for this type of carbon), and A is a tabulated coefficient that varies from 0.433 to

0.286, depending on the MB to platen contact area and the MB’s diameter [9]. The wall 

thickness used was the average calculated value for each tap density.

3. Results

3.1 CMB morphology

The initial assumption was that a microballoon was a spherical shell of essentially 

constant wall thickness; however, the actual structure o f these CMBs is much more 

irregular. Figure 6, a scanning electron microscope (SEM) image, shows that while many 

of the CMBs are indeed roughly spherical, there are also many complicated, non- 

spherical shapes. Note the conjoined (circled region) and broken (arrow) CMBs in the 

micrograph. These can certainly not be approximated as a spherical shell. Cross-sectional 

images revealed many other issues, the two most significant o f which are wall thickness 

variations and the presence of multi-compartmented interiors, i.e., nested CMBs, see Fig.

7.

Based on the microstructures o f the CMBs shown above, it is obvious that there 

should be large differences in mechanical response based on the CMB’s morphology. 

Therefore, the CMBs have been classified as either single walled (SW) or nested (N).
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These two types o f CMB do indeed possess distinctive loading behavior, as can be seen 

in Fig. 8 [5]. A third category is also presented. The behavior o f these flawed-single 

walled (FSW) CMBs falls between that of the other two types; there is a single loading 

region that has a non-linear nature. The FSW CMB category was observed consistently 

and is thought to be the result of CMBs that have either surface irregularities or defects 

within their walls.

3.2 Wall thickness and diameter

Statistically valid quantitative microscopy formulae (Equations 1 and 2) were 

applied to mean lineal intercept data on wall thickness and diameter from individual 

CMBs of each tap density to yield calculated average thickness and diameter. The cross- 

sectional wall thickness vs. diameter for similar population sizes from each tap density is 

plotted in Fig. 9. Additionally, overall average wall thickness and its standard deviation 

were calculated within each tap density lot. These are shown in Fig. 10, demonstrating 

the trend toward increasing average wall thickness with increasing tap density.

3.3 Compression o f  single CMBs

The data collected from the compression curves of individual CMBs were 

tabulated for each tap density. Averages and standard deviations were calculated for 

failure load, pseudo-stiffness, and work of fracture for each of the three categories of 

CMB. Table I provides a comparison o f these properties. Figure 11 provides clarification 

for the sub-categories, showing the initial and ultimate properties in the schematic. Some 

explanation is required for the case of the ultimate fracture energy. As with the single

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



94

walled CMBs, this is calculated as the area under the load-displacement curve, except 

that the curve for a nested CMB proceeds in a discontinuous fashion, with at least two 

regions where the indenter tip is merely traveling downward until it meets a subsequent 

internal compartment. Assuming that the initial compartment is structurally connected to 

internal compartments for the majority of nested CMBs and all compartments begin 

loading concurrently, the work o f fracture (Wf) is calculated as the sum of an initial 

triangular area and the subsequent trapezoidal regions.

Since trends beyond average properties were expected, several of the compressive 

properties have been plotted against CMB size and one another, with the relevant graphs 

presented in the figures that follow. The diameter vs. work of fracture curve exhibited 

low R2 values in the regression analysis, but when plotted co-axially with estimated 

fracture energies calculated from experimental load and CMB diameter using Equation 5, 

reasonable agreement between the calculated and fitted curves was observed [9]. Then, it 

was apparent that the trend in Fig. 12 was of some significance despite the minimal 

dependence on CMB diameter. Equation 5 was also used to calculate predicted effective 

wall thickness, using measured work of fracture (Fig. 13). One of the two other trends 

that became apparent was that of compressive strain vs. diameter, shown in Fig. 14. This 

trend is evident across all CMB tap densities tested. Figure 15 shows failure load vs. 

pseudo-stiffness, with a linear fit for each tap density yielding improved correlation.

4. Discussion

Preliminary testing of this foam material has shown that, at constant volume 

fraction, increasing the tap density of the constituent CMBs did improve the overall
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compressive strength and modulus o f the composite foam [10]. It was expected that this 

trend would continue in the CMBs themselves, with higher tap densities displaying 

greater load bearing ability, as well as increased stiffness. Additionally, CMB size was 

expected to affect failure loads. However, due to extreme irregularity in the 

microballoons and the inability to determine actual wall thickness of the individual MB 

tested, failure stresses for the CMB could not be determined; thus, with the trend o f CMB 

diameter vs. failure load proving tenuous, average failure loads must suffice as a measure 

of CMB strength. To a small degree, the evidence in Table I regarding single-walled 

microballoons does support the hypothesis of better CMB properties with increasing tap 

density. However, although the average load at failure, with values of 11.4, 12.9, and 

14.6 mN for the 0.143, 0.161, and 0.177 g/cm3 CMBs, respectively, does display a 

positive correlation with tap density, the overlap in the data prevents the relationship 

from being statistically significant on a 95 % confidence level. Pseudo-stifftiess also 

exhibited increasing average values with increasing tap density. In this case, the 0.143 

and 0.161 g/cm tap densities are both statistically different from the 0.177 g/cm CMBs, 

although they themselves will not pass a t-test as different populations. Unfortunately, the 

average work of fracture values, which also show general increases with increasing tap 

density, cannot be shown to be of statistically significant difference at the 95 % 

confidence level. Thus far, the average property data have only demonstrated that there 

are small differences in properties with tap density, most of which cannot be statistically 

verified. When the flawed-single-walled and nested CMB data in Table I are analyzed, it 

quickly becomes apparent that these types o f CMBs follow the same trends as do the 

single-walled CMBs, with the noted exception that nested CMBs have significantly lower
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average failure loads and pseudo-stiffnesses. Doubtless this inferiority was due to the 

much higher incidence of thin regions and other flaws in their walls, as can be easily 

observed in Figs. 2 and 7. Further investigation into the average properties o f the flawed- 

single-walled CMBs and nested CMBs showed that the tap densities could not be proved 

to be statistically separate in any average property category except pseudo-stiffness, 

which showed the same differentiation between the lowest two tap densities and the 

highest tap density that was exhibited by the single walled CMBs.

Figure 12 shows one of the least viable trends, work of fracture vs. diameter for 

single-walled CMBs. In this figure, the bold lines represent the experimental data and the 

thin lines show the calculated work of fracture, from Equation 5 using measured failure 

load, diameter, and average wall thickness. Even though the experimental curves have 

poor fit coefficients, this correlation well represented the average behavior o f a CMB of a 

particular diameter and, as can be seen by the parity in the experimental and calculated 

curves, is accurately predicted by the theoretical model for a spherical shell under a 

concentrated uniaxial compressive load. In order to obtain the predicted values, we 

assumed point contact in the use of the tabulated numerical coefficient (A), and it would 

yield better agreement with the experimental data if  the contact area of the concentrated 

load were allowed to become a small area of radius less than 5 pm. However, since the 

actual contact area is unknown and would vary with both CMB wall thickness and 

diameter, only the simplest case has been presented in Fig. 12. Despite this 

simplification, the predicted fracture energy agrees so well with the experimental that the 

two trend curves actually overlap for the 0.161 g/cm3 tap density. Given that in the model 

we used actual load and diameter in addition to the average wall thickness o f the CMBs
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in a particular tap density, this agreement between the theoretical and experimental data 

provides evidence related to the cause o f the variation in experimentally observed 

fracture energies. The experimental trend line represents the average behavior o f all of 

the CMBs tested in compression; since this trend followed the theoretical behavior o f a 

CMB having the average wall thickness o f that tap density, it is thought that wall 

thickness variations above or below the average used in the model are the cause of the 

wide scatter in the experimental data. Thus, the theoretical model could be used to predict 

an accurate and valid average work of fracture for a particular tap density CMB, having 

measured average load, diameter, and wall thickness. Conversely, the effective thickness 

of a CMB with measured load, diameter, and work of fracture could be predicted by the 

model, as in Fig. 13.

Figure 14 shows compressive strain at failure o f the single-walled CMBs is 

proportional to the inverse square root of CMB diameter, a trend that has been observed 

in the three tap density CMBs tested in this study, and in other CMBs previously tested

[5]. Given the trend lines, it is concluded that it is valid for all single-walled CMBs and is 

essentially independent o f tap density. Comparison with research on glass microballoons 

reveals that this trend may be unique to CMBs, since it has not been observed in other 

systems [4, 11]. The fact that there is no observed trend in wall thickness with CMB 

diameter (Fig. 9) means that small and large CMBs have similar wall thicknesses; and 

hence, the small CMBs contain less volume of carbon in their walls. This reduction in 

available carbon wall material in smaller diameter CMBs is speculated to limit the 

maximum flaw size in the CMB, as shown in Fig. 16. The classic argument for a brittle 

material following Weibull statistics means that there is a reduced probability o f finding a
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critical flaw size in a smaller CMB due to its lesser volume. This, when applied to the 

compressive strain results, explains the failure of smaller diameter CMBs at higher 

strains (and hence greater strengths). Additionally, the location, relative to the 

compression platens, of a flaw like that depicted in Fig. 16 is expected to affect the 

compressive strengths of the CMBs. However, since flaw location is unknown 

experimentally, the exact effect on the compressive data cannot be determined.

Figure 10 shows the general increase in average wall thickness with tap density. 

Here, the 0.143 g/cm3 CMBs and the 0.161 g/cm3 CMBs cannot be considered to be 

statistically different populations at the 95% confidence level, but the 0.177 g/cm3 tap 

density average thickness tested as significantly different at the same significance level. 

Recall that average pseudo-stiffness for single-walled CMBs also showed little difference 

between the lower two tap densities but clearly separated the highest tap density. Now, an 

overall trend emerges connecting wall thickness and pseudo-stiffness. If a microballoon 

during compression were considered to be essentially a spring, its k value would depend 

on the inherent stiffness of the material and the spring geometry. For a metal coil spring, 

this would be the coil size, wire diameter, and wire cross-section. For a microballoon, the 

important geometrical parameters are diameter (<j>) and wall thickness (t). The higher 

average thickness results in greater stiffness for the 0.177g/cm tap density. Further 

evidence o f the effect of thickness on mechanical properties is observed in Fig. 15. It 

shows that, for a given tap density, CMBs of higher stiffness also possessed greater 

failure loads. Additionally, inter-tap density comparison showed that the highest tap 

density had a clearly greater stiffness at any given load, as expected given its higher wall 

thickness. This emphasis on wall thickness controlling failure properties corresponds well

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



99

to previous studies. Bratt et al. [11] showed that the uniaxial compressive failure load of a 

glass microballoon was independent of its diameter and related only to the average 

strength and wall thickness squared of the MB, a similar result to that seen in Fig. 13 

relating CMB failure load to predicted wall thickness. Their exclusive focus on GMBs, 

where the wall thickness and single-walled nature of each GMB were determined by 

means of an interference microscope prior to testing, prohibits further comparison to the 

CMB work presented here, due to the opaque nature of the CMBs.

5. Conclusions

Through the novel use o f a modified nanoindenter, in this work we have tested 

carbon microballoons of three different ASTM B527 tap densities in uniaxial 

compression. Optical and scanning electron microscopy of these CMBs has shown the 

existence of several morphologies, including single-walled and nested CMBs. 

Additionally, microscopic techniques have proven that the highest tap density possessed 

thicker walls than the other two tap density CMBs.

A statistical approach to the data presented several trends. Compressive strain was 

proportional to the inverse square root of diameter for all tap densities; failure load was 

seen to correlate linearly with stiffness; and fracture energy was observed to have some 

small dependence on diameter that was readily predictable via theoretical formulas. 

Average failure load, fracture energy, and pseudo-stiffness from the CMBs showed 

increases with increasing tap density, although these differences were not always 

statistically significant. Additionally, single-walled CMBs exhibited superior average 

failure loads, fracture energies, and pseudo-stiffnesses than nested CMBs. Although the
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correlation between wall thickness and tap density did elucidate most o f the trend toward 

increasing mechanical properties, research into other possible explanations is still 

ongoing.
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8. Illustrations

TABLE I: Average Properties of CMBs by Category.
CMB Category SW FSW N

Tap Density (g/cmJ) 0.143 0.161 0.177 0.143 0.161 0.177 0 .143 0.161 0.177

Pf ultimate (mN) 11.4 12.9 14.6 11.6 11.3 10.9 8.0 10.7 12.8

Pf initial (mN) NA NA 2.7 3.1 3.9

w f total (nJ) 22.2 29 .6 27.5 37.3 29.9 35.2 23 .4 19.9 24.1

W f initial (hJ) NA NA 6.3 5.4 8.2

k average (kN/m) 3.5 3.6 4.7 2.1 2.6 2.0 1.9 3.1 3.5

k initial (kN/m) NA NA 0.8 1.2 1.1
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Figure 1 Micrograph of 3-phase carbon microballoon (CMB) syntactic foam. SEM. 
Circle indicates intra-microballoon void region, and arrow points to APO-BMI between 
CMB.

toA .-SL

Figure 2 Polished cross-section of CMB mounted in epoxy. Image used for wall 
thickness measurements.
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Figure 3 Schematic illustrating sectioning a CMB either below or above its great circle 
(dashed lines). Note that measurements made on the section will be inaccurate due to the 
curvature of the CMB.
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Figure 4 Schematic of nanoindenter modified for use in compression testing of CMB. 
Cylinder at right represents attached optical microscope.
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Figure 5 Sample compression curve for a single wall CMB, showing parameters 
extracted from graph.

Figure 6 Micrograph showing variation in CMB size and morphology. Broken (arrow) 
and conjoined (circle) CMBs visible. SEM.
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Figure 7 Polished cross-section of CMB foam. Note the interior compartments, wall 
thickness imperfections, etc.
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Figure 8. Examples of different CMB compressive behavior based on CMB morphology 
[5].

X 0.177 g/cm3

A 0.161 g/cm7

O 0.143 g/cm
E 6 
3

* 5

4

3

2
X

o.2 1

0
175100 125 1500 25 50 75

Sectional diameter, <j>v (pm)

Figure 9 CMB diameter vs. wall thickness, (sectional values) No observable correlation.
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Figure 10 Calculated average CMB wall thickness vs. tap density. Trend toward 
increasing average wall thickness with higher tap density is apparent.
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Figure 11 Schematic representation of nested compression curve, with initial and 
ultimate properties labeled. The gray shading represents the work of fracture for a nested 
CMB.
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Figure 12 Fracture energy vs. diameter for single wall CMBs, with bold lines for 
experimental and thin lines for calculated trends. Units in the inset are g/cm3. 
Experimental curves are shown only in the region where R/t > 10 and Equation 5 applies,
(a) 0.177 g/cm3 tap density CMBs. (b) 0.161 g/cm3 CMBs. Experimental and theoretical 
curves overlap in the figure, (c) 0.143 g/cm3 CMBs.
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Figure 13 Failure load vs. predicted thickness for single walled CMBs, revealing a 
parabolic dependence of failure load on thickness.
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Figure 14 Compressive strain trend for single wall CMBs. Trend appears similar for all 
tap densities.
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Figure 15 Load vs. pseudo-stiffness trend for all tap density single wall CMB.
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^  Flaws 

(a) (b)
Figure 16 Schematic o f speculated flaw size limitations in smaller diameter CMBs.
CMBs in (a) and (b) are o f identical thickness, with shell (a) having twice the diameter o f
(b). The smaller maximum flaw size for the smaller CMB is clearly shown.
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Abstract

A uniaxial compression technique employing a nanoindenter equipped with a flat- 

ended cylindrical tip was used to evaluate the performance of carbon microballoons 

(CMBs) precipitation-coated with a bismaleamid (APO-BMI) polymer. This coating 

would eliminate the size and density induced segregation of APO-BMI and CMBs during 

mold filling and the potentially damaging mixing step wherein CMBs and powdered 

binder pre-polymer are blended prior to foam molding. To augment the molding of 

syntactic foams directly from coated CMBs and to aid in the development of a 

constitutive model for a three-phase syntactic foam, mechanical property evaluation of 

the coated CMBs was needed. Cured, APO-BMI coated and uncoated CMBs (0.192 

g/cm3 tap density) were compressed uniaxially using a modified nanoindenter to obtain 

the compressive properties of the CMBs in both conditions. These properties included 

strain-to-failure, failure load, displacement-at-failure, and work of fracture. The 0.192 

g/cm3 tap density CMBs’ behavior followed the prior inter-tap density trends between 

compressive strain and diameter and failure load vs. stiffness. The coating was 

determined to have no statistically significant effect on the mechanical properties o f the 

CMBs. From the combination of this information, the effect of an APO-BMI coating on 

CMBs of any tap density was inferred.
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1. Introduction

Manufacturing difficulties in syntactic foam production can result in poor-quality 

foams in a variety o f ways. For three-phase syntactic foams, most of these difficulties 

stem from the attempt to uniformly distribute the binder throughout the foam. This is 

usually performed via a mechanical mixing o f the powdered binder with the 

microballoons (MBs). The agitation of this mixing can lead to an excessive number of 

broken MBs if it is too violent or if  the MBs are brittle [1-4]. At low binder volume 

fractions, a second problem is the uneven distribution o f the binder in the foam, which is 

often compounded by the tendency of the binder powder and the MBs to segregate during 

mold filling. These difficulties can be eliminated by removing the mixing step in the 

production process; one possible solution is to coat the MBs with the uncured binder. 

Then, a syntactic foam may be produced simply by filling the mold with coated MBs and 

crning the binder coating [1,2].

This pre-polymer coating procedure has been attempted with a three-phase carbon 

microballoon (CMB) syntactic foam, using one ASTM B527 tap density batch of CMBs 

as a test bed for the new processing technique. CMBs (0.192 g/cm3 tap density) were 

coated in uncured APO-BMI binder, and three-phase syntactic foams were molded from 

these coated CMBs. Since a three-phase syntactic foam can be conceptualized as a 

collection of single MBs coated in cured binder and held together by binder ligaments at 

the MB contact points, determination of the mechanical properties of coated CMBs 

provides valuable future constitutive modeling data on individual unit cells o f these 

foams, while evaluating the performance of the coating. To evaluate the effect of the 

coating on the mechanical properties of the coated and uncoated CMBs, a previously
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published technique was adopted, whereby the uniaxial compressive properties o f single 

CMBs were investigated by using a modified nanoindenter [5-8]. The available properties 

from this technique include stiffness, load, displacement, strain, and work o f fracture. 

After curing o f the coating, APO-BMI-coated CMBs were compressed in the 

nanoindenter, and their compressive properties were determined. Uncoated CMBs were 

also evaluated, providing a control sample for comparison to both the coated samples and 

to the other tap densities previously tested [6]. The results of this comparison provide 

insight into the behavior of CMBs during compression of a three-phase syntactic foam 

and could be used to justify some decisions in the design of constitutive models for these 

materials.

2. Experimental Procedure

Three batches of CMBs (0.192 g/cm3 tap density, per ASTM B 527 [9]) were 

tested in uniaxial compression, using a technique previously described [6]. As before, 

several engineering parameters were extracted from the compression curve, as shown in 

Fig. 1. The diameter (<j>v) of each CMB was found as the difference between the platen 

displacement at substrate contact, after the CMB was crushed, and the platen 

displacement at the start o f loading. The linear slope of the loading segment, from initial 

platen-MB contact until the CMB shattered, is termed the pseudo-stiffness (k). The load 

at failure (Pf) is the maximum of the linear loading segment. The platen displacement 

from initial contact until CMB failure is the displacement at failure (8f), which was 

divided by <J>V to yield compressive strain at failure (ec). The three test conditions were: an 

uncoated condition (UC), an APO-BMI coated, single-step (200 °C) cured population
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(CC200), and an APO-BMI coated, step-wise cured condition (CC210) that had curing 

hold segments at 150 and 210 °C. These curing steps and temperatures were based on the 

curing cycle for the APO-BMI in the production of the foams, and on APO-BMI 

characterization work, detailed elsewhere [10,11]. Samples from each o f the cured 

conditions, CC200 and CC210, were heated in an oven on the A1 stub that would be used 

as the lower platen in the compression test. The cure temperature was monitored by an 

independent thermocouple. The uniaxial compressive behavior for at least 140 CMBs 

from each of these conditions was obtained using the same modified nanoindenter 

procedure as previously described [8], and average properties were computed.

To determine the effect of the APO-BMI on the compressive properties o f the 

syntactic foams, confined uniaxial compression was performed on bulk uncoated CMBs 

and on right circular cylinders o f three-phase CMB syntactic foam. The bulk CMBs were 

settled in a confined compression fixture as per the settling procedure described in the tap 

density standard (ASTM B 527). The dimensions o f the foam samples were 24.94 mm 

diameter and 25.4 mm height for all samples. Tests were conducted on similar volumes 

of material in both cases. Tests were arbitrarily terminated after reaching at least 15 

percent strain.

3. Results and Discussion

In order to generalize the behavior of the 0.192 g/cm3 tap density CMBs to other 

densities, it was first necessary to compare the behavior of the UC 0.192 g/cm tap 

density CMBs to trends previously observed in other tap densities [5-7]. As can be seen 

in Fig. 2, the average failure load and pseudo-stiffnesses, 22.73 mN and 7.14 kN/m, of
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this tap density were higher than those of the three lower tap densities, validating the 

trend toward increasing average properties with increasing tap density. As before, this is 

likely due to the trend toward increasing average wall thickness with tap density. Figures 

2 and 3 show the main intra-tap density trends observed previously [5, 6], with the UC

0.192 g/cm3 tap density data plotted alongside. As expected, compressive strain at failure 

was again nearly proportional to the inverse square root o f CMB diameter, regardless of 

tap density, see Fig. 3. CMB failure load was linearly related to pseudo-stiffness for all 

tap densities, as shown in Fig. 4. As expected in this plot, the highest tap density had the 

lowest trendline slope, indicating an increase in stiffness as tap density increased, at a 

fixed failure load. We can conclude that the 0.192 g/cm3 tap density CMBs were 

representative samples of CMBs, and therefore any conclusions reached about the effect 

o f an APO-BMI coating on their surfaces may be extended to other tap densities.

Once the UC 0.192 g/cm tap density CMBs was determined to be representative 

o f the general CMB behavior, the evaluation of the two lots coated in cured APO-BMI 

commenced. SEM micrographs of the cured, coated CMBs showed adequate coating 

coverage and contiguity, see Fig. 5. As evidenced by the bonding o f the two CMBs 

together in Fig. 5a, the APO-BMI layer was relatively uniform, although Fig. 5b shows 

evidence of APO-BMI pooling during curing—see the large circular formation of APO- 

BMI that was beneath a CMB on the A1 stub after curing. SEM was also used to attempt 

to evaluate the coating thickness, but unfortunately the resolution limits o f the Philips 

SEM prevented detection of what was apparently a sub-micrometer coating thickness of 

APO-BMI on the CMB wall fragments, as seen in Fig. 6. After evaluating the coating 

morphology, the compressive behavior of these CMB lots was studied. The averages and
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standard deviations o f the compressive properties for each of the three conditions are 

shown in Table 1. A comparison of the data shows there was no measurable statistical 

difference (via analysis o f variance) in the coated vs. the uncoated average properties.

The plot o f compressive strain at failure vs. CMB diameter in Fig. 7 shows again the 

inverse square root trend, with the trendline for the UC CMBs totally indistinguishable 

from those for the CC200 and the CC210 test lots. Finally, Fig. 8 shows a plot o f failure 

load vs. pseudo-stiffiiess for these populations. The trendlines barely separated from one 

another in this case; the statistical difference between them was negligible. Thus, within 

the limitations of the test technique, the APO-BMI coating had no effect on the 

compressive properties of the 0.192 g/cm3 tap density CMBs.

The lack of a quantifiable effect on the compressive properties o f these CMBs has 

larger implications in three-phase syntactic foams. Chiefly, there is now evidence that a 

sub-micrometer thick coating of APO-BMI on the surfaces of the CMBs has a negligible 

effect, as previous research has inferred [12]. To use the results of this work in 

constructing a constitutive model for these three-phase syntactic foams, the effect o f the 

APO-BMI in the foam was elucidated by conducting confined uniaxial compression of 

both uncoated bulk CMBs and three-phase CMB syntactic foams, see Fig 9a and 9b, 

respectively. Figure 9 demonstrates that there is a significant difference in the response of 

bulk CMBs and the foam in confined compression. Since compression of single, APO- 

BMI-coated CMBs has established that the thin layer of APO-BMI coating the surface of 

individual CMBs did not have a measurable effect on their compressive behavior, it can 

be deduced that the confined compression behavior of bulk CMBs, Fig. 9a, would be 

unaffected by coating as well. We can further infer that the same thin layer o f APO-BMI
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on the CMB surfaces distributed throughout the foam will have a negligible effect on the 

compressive contribution of the CMBs. This leaves only one possible source for the 

difference in Fig. 9a and 9b, which is the APO-BMI ligaments. The APO-BMI necks at 

CMB to CMB contacts, which bind the CMBs together in the foam, are shown in Fig. 5a 

between two individual CMBs. Thus, when constructing a constitutive model for this 

material, one need only model uncoated CMBs bound together at CMB/CMB contacts by 

APO-BMI ligaments.

4. Conclusions

CMBs (0.192 g/cm3 tap density) were evaluated in three conditions: uncoated, 

coated with single-step cured APO-BMI, and coated with multi-step cured APO-BMI. 

The uncoated CMBs were found to follow the trend of increasing average properties with 

tap density, as expected from prior research [5, 6]. Thus, they were concluded to be a 

representative tap density of CMBs. Furthermore, both cured APO-BMI coatings had no 

effect on the compressive properties of the CMBs. Thus, we can conclude that a sub­

micrometer thickness, cured APO-BMI coating will not significantly impact the 

compressive behavior of CMBs of any tap density. This final conclusion has broad 

implications in syntactic foams, where our findings on individual microballoon behavior 

supports the conclusions drawn from studies o f syntactic foams [2, 4, 10, 12]; 

microballoons are responsible for the greatest percentage of the compressive strength of a 

three-phase syntactic foam, binder ligaments provide a lesser contribution, and the thin 

coating of binder on the surface of the microballoons has negligible influence on the 

compressive properties of the foam.
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7. Tables and Figures

TABLE I Average and standard deviation for the compressive properties of 0.192 
g/cm3 tap density CMBs.________________________________________________

Condition Failure load, Pf Failure strain, sc 
(mN)

Work of Fracture, 
Wf(nJ)

Pseudo- 
stiffness, k 

(kN/m)
UC
CC200
CC210

22.73 ± 20.97 
20.83 ± 19.70 
22.32 ± 18.63

14.38 ± 10.76
13.44 ±6.48
14.45 ± 7.55

42.41 ± 49.01
41.74 ±60.79 
39.82 ±42.10

7.14 ±6.72 
6.36 ± 4.03 
7.16 ±5.49

8

7
MB breaks at (5P Pf)

6

5

2

Substrate contact at (<j)v,i

o
403010 200

Displacement, 5 (pm)

Figure 1 Compression curve for a single CMB. The stiffness of the MB, MB breakage, 
and substrate contact are labeled on the curve.
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Figure 2 Average property comparison for all four tap densities of CMBs. There is a 
trend toward increasing average failure load and stiffhess with increasing tap density.
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Figure 3 Compressive strain at failure vs. CMB diameter for all tap densities. The 0.192 
g/cm3 tap density CMBs behave as did the other three tap densities.
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♦ 0.161 g/cm' 
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Pseudo-stiffiiess, k (kN/m )

Figure 4 Failure load vs. pseudo-stiffness for all tap densities. The 0.192 g/cm3 tap 
density CMBs have the highest stiffness at a given failure load, as expected.

Figure 5 Micrograph o f APO-BMI coated CMBs, post-cure. SEM. (a) The APO-BMI 
coating appears relatively continuous and bonds the CMBs in the micrograph together, 
(b) A post-compression test image of APO-BMI pooled beneath CMB, with shattered 
CMB fragments, shows evidence of gravity’s effect on APO-BMI during curing.
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Figure 6 Micrograph of APO-BMI-coated CMB fragments. SEM. The APO-BMI coating 
thickness was not visible in the cross-sections of the CMB wall observed. Some 
measurements of CMB wall thickness are provided.

♦ UC
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a CC210

50 -C
2
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’53

-  30C.
I

O  20

V. ■ A

70 800 10 30 50 6020 40

Vertical diameter, <|)v (pm )

Figure 7 Compressive strain at failure vs. CMB diameter for uncoated and APO-BMI 
coated, cured 0.192 g/cm3 tap density CMBs. The trend appears to be unaffected by the 
presence of the coating.
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Figure 8 Failure load vs. pseudo-stiffiiess for uncoated and APO-BMI coated, cured 
0.192 g/cm3 tap density CMBs. The trend appears to be largely unaffected by the 
presence of the coating.
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Figure 9 Representative confined compression curves for bulk uncoated CMBs and 
three-phase CMB foams, (a) Bulk CMBs settled in fixture by 3000 taps, per ASTM B 
527. (b) Three-phase CMB syntactic foam, composed of CMBs similar to those in (a). 
There is significant difference in the behavior of bulk CMBs and a CMB foam, due to the 
effect of the APO-BMI ligaments in the foam structure.
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Abstract

Recent interest in syntactic foams has led to a multitude o f new research efforts 

into these materials and their constituents. Our contribution includes a uniaxial 

compression test technique to obtain mechanical properties of single microballoons. We 

have used finite element modeling, with ANSYS 8.0, to simulate the uniaxial 

compression of individual carbon microballoons (CMBs), obtaining deformed shapes and 

stress states at experimentally determined microballoon failure conditions. Previously 

published data on CMBs, namely failure load, displacement at failure, wall thickness, and 

Young’s modulus, were used for linear elastic analysis. Boundary conditions were chosen 

such that axisymmetry was achieved, and compression was conducted under 

displacement control. When the average conditions for three carbon microballoon 

populations were modeled, maximum first principal stresses at failure were predicted to 

range from 637 to 835 MPa. Compression of microballoons having various radius-to- 

thickness ratios (R/t) was also simulated, and a transition of failure mode, from fracture 

in flexure to buckling, was observed at critical R/t values.
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1. Introduction

Understanding the failure behavior o f materials is crucial to being able to properly 

utilize them in design. In composite materials, the mechanical behavior o f the individual 

constituents is critical, as they affect the performance and overall failure behavior. In 

general, the failure modes and stresses o f the individual constituents in typical 

composites are known, and the characteristics of the matrix/reinforcement interface 

assume importance, because they are often not known [1]. Syntactic foams, especially 

three-phase syntactics, are composites wherein the characteristics o f the individual phases 

are often not known [2]. These materials, which consist o f microballoons (MBs), a binder 

that is typically a polymer, and intentional interstitial voids, are often composed of up to 

90 % porosity, and thus their mechanical properties can be attributed primarily to their 

microballoon constituent [3-5]. The properties of the MBs in three-phase syntactic foams 

therefore require lull characterization. Because they are extremely small (5-150 pm), 

mechanical testing is not a straight forward procedure. Consequently, there is little 

information available on the mechanical characteristics of MBs, other than bulk isostatic 

pressure testing performed by the manufacturers [6]. Most of the available research work 

deals with the compressive properties o f the MBs, since this is their most common 

service loading condition.

While leaving the detailed ledger summarizing MB testing to other work [6], it 

must be noted that even though the compressive failure properties have been quantified, 

the basic question of how failure o f a microballoon occurs is often unanswered or 

speculated upon at best. For example, consider the work of Bratt et al. [7], wherein they 

compressed single glass microballoons (GMBs) in uniaxial compression. The presumed
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mechanism of failure was excessive flexural stress at the MB’s equator during 

compression, from which the failure stress could be extracted using formulae similar to 

those for a flexure test. However, experimental evidence of the mechanism was absent. 

Previous research on GMBs, in which we developed a uniaxial compression technique 

using a nanoindenter, has similar limitations regarding experimental evidence o f GMB 

failure mechanisms [8]. Work by Chung et al. [9] involved the compression testing o f 

hollow spheres, albeit wacraballoons. They uniaxially compressed alumina spheres o f 1- 

2 mm diameter. Failure load was recorded, and visual observations were made o f failure 

locations. Larger macroballoons were observed to fail by splitting into hemispheres along 

the diameter on which the load was applied, with some macraballoons shattering into 

many irregular pieces; failures o f smaller macroballoons were deemed largely 

unobservable. This is quite different from the mechanism for GMB failure proposed by 

Bratt et al. [7], and warrants further investigation.

When dealing with MBs, the lack of an accepted theoretical solution that predicts 

the stresses and displacements in a thin spherical shell under compression limits analysis. 

Thus, finite element modeling (FEM) may yield insight into the behavior of thin, hollow 

spherical shells at failure. Lim et al. [10] reported the results of both experimental 

compression and FEM of 2 mm diameter 405 stainless steel macroballoons. While most 

o f this research was directed toward characterizing the behavior of sintered hollow sphere 

foams, experimental normalized load-displacement curves for the compression of single 

spheres were presented. Additionally, they presented FEM results, using a two- 

dimensional, axisymmetric, linear elastic, linear kinematic work hardening model, which 

replicated their experimental data, while showing the sequence of deformed shapes as
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plastic deformation occurred during the complete crushing o f the shells. Especially 

interesting was the predicted progression of contact from point (initially) to circular area 

(intermediate) to annular as the shell was deformed into the shape o f a torous. These 

collapse modes have been experimentally observed in aluminum hollow hemispheres, 

with plastic deformation occurring by what has been described as the development of 

rolling or stationary plastic hinges [11]. Thus, several studies of wacroballoons have 

addressed the nature o f their collapse modes, but wz'croballoons have yet to be considered 

[6].

In this paper we apply an FEM code to investigate the compression behavior and 

failure modes of idealized, perfectly spherical carbon microballoons (CMBs)—linear 

elastic, brittle materials—which have been experimentally characterized previously [12]. 

Specifically, the FE effort focuses on the following items:

• Prediction of the location and magnitude of the maximum stresses at 

failure in the carbon wall material o f these CMBs under uniaxial 

compression.

• Effect o f varying CMB size and wall thickness on their failure mode. 

Additionally, Weibull statistics, a well-known analysis tool for brittle materials [1,13], 

are applied to CMB data, linking experimental work and predicted FE results.

2. Procedure

Carbon microballoons (CMBs) have been tested in compression, yielding many 

properties including load, strain, stiffness, etc. These data have been previously published 

for three ASTM B 527 [14] tap densities of CMBs [12]. Additionally, wall thickness
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measurements from both SEM and quantitative optical microscopy are available for these 

same CMB lots [12, 15]. The average experimentally derived material, mechanical, and 

geometric property data for these CMBs, shown in Table I, were used in commercially 

available finite element (FE) software, ANSYS 8.0, to simulate the compression of 

CMBs. Additional data in Table I include a literature value for the Poisson’s ratio of 

glassy, amorphous carbon, and the longitudinal modulus and Poisson’s ratio for a 

Saphikon fiber —  the 90 pm diameter flat-ended sapphire tip which served as the upper 

platen in the compression test [1, 16].

We used idealized spherical shell segments, in either two-or three-dimensions as 

the FE models. The two-dimensional (2D) models used axisymmetric element 

formulations, and the three-dimensional (3D) models used symmetry to minimize the 

modeled region to the positive quadrant o f the sphere. Compression was modeled as a 

linear elastic structural, nonlinear contact analysis, using deformable bodies (platen as 

well as CMB) and large deformation element formulations (necessary to capture buckling 

behaviors). Individual element types chosen are displayed in Table II. Care was taken to 

choose only elements that meet the following requirements: compatible with mid-side 

nodes (for increased accuracy), capable o f non-linear contact analysis, and capable of 

buckling analysis. Modeling was restricted to the linear elastic regime, since the brittle 

nature of the carbon material being studied did not necessitate plasticity. Boundary 

conditions (BCs) for the 2D and the 3D models are specified in Table III.

Mesh sizing for both types o f models depended on both accuracy and CPU 

efficiency. For 2D models, a minimum of 4 elements spanned the wall thickness o f the 

CMBs, which we found yielded less than a 2 percent change in the maximum stress
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values predicted when 8 or 16 through-thickness elements were used while providing 

considerably faster solution times. For the 3D models, meshes were coarser than those 

used in the 2D models, with only 2 elements through the wall thickness, which still 

produced results which were within a few percent o f those predicted by the more accurate 

2D models.

Application o f load in the FE models was accomplished by assigning load 

conditions to the platen. All loading was displacement controlled, with the CMB’s failure 

displacement being assigned to either the top line (2D) or top area (3D) of the platen. 

Using a nonlinear solution process, the indenter tip was slowly sub-stepped downward, 

impinging upon the CMB until the full assigned displacement was reached and 

equilibrium of the indenter-CMB contact pair was achieved. For the average property 

models, the applied displacement was the average listed in Table I for each tap density 

CMB, but for modeling the effect of CMB radius-to-wall thickness (R/t) ratios, the 

applied displacement was derived from the average experimentally determined failure 

strain for a CMB of the particular radius (R) being modeled. The curve fit o f the 

compressive strain (sc) vs. R curve for all CMBs, Fig. 1, provided the basis for deriving 

the FE displacement (8) given below as a function of R, where the units for both are pm.

8 = 0.5961R03" 1 (1)

3. Results

The average property conditions [12, 15] for each of the three tap densities listed 

in Table I have been modeled in 2D, using the 2D element parameters listed in Table II. 

The von Mises stress (avon) distributions under the average failure conditions are shown
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in Fig. 2a-c. Figure 3a-c provides the accompanying principal stress distributions (ctp) for 

the 0.143, 0.161, and 0.177 g/cm3 tap densities, respectively. To verify the 2D results, the

0.143 g/cm3 tap density simulation was performed as a 3D model, using the 3D elements 

from Table II. Figure 4 provides the CTvon, and the ctp distributions for the 3D version of 

this tap density’s average property simulations. ’

To study the effect of R/t on failure mode, a parametric approach was used, with 

the main goal being to determine whether buckling was a likely in these CMBs. To assess 

the possibility of buckling, modeled CMBs were compressed in displacement control, 

with the maximum displacement for a particular radius being dictated by the average 

experimental failure strain, i.e. from Eqn. 1. The flexure/buckling transition was taken as 

the R/t value between where a bent curve structure transitioned to a torus-shaped one at 

slightly higher R/t. For instance, at R/t = 17.44 the partial annulus merely deforms, 

becoming less circular, but when R/t was increased to 17.58, a second (torus-shaped) 

deformation mode was predicted. The critical R/t ratio for this particular R value would 

then be taken as between 17.44 and 17.58.

Axisymmetric 2D FE simulations at a fixed R were performed at varying wall 

thicknesses (t) between the minimum and maximum observed values o f 0.35 and 2.4 pm. 

Figure 5a-d shows 2D FE contour plots for a von and a p immediately above and below the 

R/t value where the buckling/flexure transition is predicted to occur for a CMB of R 

=10.99 pm. Many iterations for additional R values between the minimum (2.52 pm) and 

the maximum (35.73 pm) allowed us to generate the failure mechanism plot shown in Fig

6. The 3D FE simulation data plotted in Fig. 6, show negligible difference from the 2D
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predictions, thus verifying the buckling/flexure transitions predicted by the 2D 

simulations.

From Fig. 6 and Fig. 1, Fig. 7 was constructed. Figure 7 relates the FEM 

predictions to the original compression data, re-plotting the compression data in terms of 

sc vs. R/t, where seven discrete t values were chosen as the maximum (tmax), average ± 1 

standard deviation (tavg± s d ) ,  minimum 0 ™ ) ,  and critical ( tc r i t )  values. Note that only the 

trend lines have been plotted, for viewing clarity, but readers who are curious as to the 

scatter in the data may examine the ec and R data in Fig. 1, of which Fig. 7 is merely a 

rearrangement in terms of t.

Figure 8 provides experimental evidence of the trends established in Figs. 6 and 7, 

showing double-logarithmic plots of CMB compressive strain at failure (sc) vs. the 

reciprocal of the survival probability (P), where P is given as unity minus the failure 

probability (F). The resulting linear trendline slopes are the Weibull modulus, a measure 

o f the variation in strength of the material. The Weibull moduli obtained from Fig. 8 are 

provided in Table IV. Higher Weibull moduli correspond to more uniform strength 

distributions. These plots differ from the traditional Weibull usage, primarily from the 

necessity of using a measurable experimental parameter, failure strain, instead of failure 

stress. This choice was not without justification, however, as these CMBs did exhibit 

linear elastic, brittle behavior. Thus, stress and strain were linearly related, and strain can 

be substituted into the Weibull strength plots in lieu of stress.
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4. Discussion

One of the main goals of this work was to use FE analysis to estimate the failure 

stresses and their distribution in the CMBs previously experimentally tested in 

compression. These predicted stress distributions are shown in Figs. 2-4 for the average 

CMB conditions. All show maximum crVon centered at the initial contact location between 

platen and MB, with another region of high effective stress on the exterior wall, just off 

the outer edge of platen-MB contact. Maximum values for all three average conditions 

were similar, ranging from 1.68 to 1.803 GPa. The a p distributions are very similar to 

those expected in a bend test. Maximum values ranged from 636.7 to 835.9 MPa, and 

minimum values ranged from -308.1 to -373.9 MPa for the three tap densities. The truly 

unexpected result was the prediction of relatively low stress levels at the MB’s equator. 

Earlier researchers have assumed, based on a flexure model theory, that the maximum 

stresses would occur at the equator o f an MB [7]. Our FEM results however, predict that 

the two regions subjected to the highest stresses are located on the inner surface under the 

contact region, and on the outer wall just past the contact region. Figure 4 provides 

confirmation that the simplified, 2D formulations of the MB’s compression accurately 

represented the behavior of the 3D shell. Since all of the stress distributions are 

qualitatively the same in shape and location, and the maximum stress values in each 

differ from their 2D equivalents by less than 2 percent, with the 3D model using a coarser 

mesh for CPU efficiency, it was concluded that the 2D models were sufficient for the 

average property cases.

It can be observed that all of the predicted ctp, which would be responsible for 

failure by the Rankine criteria, are within accepted values for certain graphites, which is
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not an inappropriate matter to consider, since our earlier Raman spectroscopy work 

showed these MBs to be disordered sp2-sp3 carbon with crystallite sizes between 2 and 24 

nm [17]. Assuming that failure in brittle CMBs occurs due to the maximum principal 

stress exceeding the tensile strength of the MB wall, it can be postulated that failure will 

initiate either on the outer wall or beneath the platen on the inner wall, both o f which are 

regions o f high <tp. Given the predicted magnitude of these stresses, crack initiation will 

most likely originate at the inner wall location, although the larger volume (recall this is 

an axisymmetric 2D model) at the outer wall location might result in failure initiation in 

this region because of its higher likelihood of containing a critical flaw. We have no 

experimental verification of this, although other researchers, as mentioned in Section 1, 

have experimentally observed macrobdl\oon failures by vertical splitting along the 

loading axis [9].

The reasons that the a p peaks shift from the equator of the MB toward the platen 

are likely twofold. The axisymmetry of the model served to partially constrain expansion 

of the shell in the plane of its equator, unlike a plane stress formulation, which ,when 

modeled using FEM, is the appropriate model for a hollow cylinder (e.g., a pipe) and 

does yield the maximum crp distribution centered at the equator of the 2D cross-section. 

The other factor contributing to shifting the maximum a p away from the equator was the 

large amount o f contact between the MB and platen. The supposition of a flexure model 

assumes point (or very nearly point) contact, rather than the large areal contact predicted 

in the FE models.

The size of the contact area, aside from being a possible source of the change in 

the cvp distribution, is also a valuable entity to be able to predict. We have previously used
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handbook formulas [18] and measured displacement at failure, diameter, and stiffness 

data to predict calculated work-of-ffacture values to compare with experiments, and to 

determine the effective wall thickness for CMBs. It was noted that increased agreement 

o f these calculations with experimental trends could be achieved if  the contact were 

allowed to be non-point, but there was no experimental justification for choosing a 

contact area radius [12]. The present FE results, however, do provide a qualitative 

description of the progression of the contact area from initial point contact, via circular 

area contact, to annular ring contact around the top of the MB. Aside from qualitative, 

visual evidence, a few measurements of the contact area radius have been made using 

Altair’s Hyperview 7.0 post-processing software. The contact radius at the average 

failure strain was found to be 4.497, 5.580, and 5.004 pm for the 0.143, 0.161, and 0.177 

g/cm3 tap density average property models (Figs. 2 and 3), respectively. While a trend 

between contact radius and tap density for these measurements might initially have been 

expected, an examination of the average R and t values revealed there was little 

difference in the R/t ratio for the three average property models; thus the lack of a trend 

in contact radius, which depends on R and t o f the MB, is not surprising. Additionally, 

comparison of FE results for MBs of different R and t values highlights the effect of MB 

geometry on the size of the contact region.

The effects of R and t, or more appropriately the R/t ratio, are more far-reaching 

than is shown by their influence on contact area. From basic mechanics o f materials, 

there are situations where large-scale non-linear displacements occur even when loading 

is within the linear elastic regime. This is the result o f elastic instability, namely 

buckling. In ductile materials, the resulting deformation can lead to stress states that are
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intolerable for the material, but in brittle ceramics, the elastic instability itself usually 

initiates fracture. For cylindrical columns under end loading, buckling depends, via Euler 

formulation, on the column’s slenderness ratio, i.e. length (£) and diameter (d), and its 

stiffness. For a given stiffness, the value of (f/d) above which buckling will occur is 

known as the critical (£/d)c value. While buckling of a hollow spherical shell is much 

more difficult to predict, it too should have a critical geometric configuration in terms of 

R and t, above which buckling occurs. Figure 5 shows FE results for a CMB of 10.99 pm 

radius that has been compressed to the failure displacement dictated by Eqn. 1, under 

conditions immediately bounding R/tcnt for buckling of the shell. Further parametric 

study of the R-t space present in these CMBs reveals that Rent is a parabolic function of 

tcrit, as shown in Fig.6. This parabolic dependence is likely caused by the geometry of the 

shell and the resulting non-zero curvature terms in the differential equation that describes 

the motion of the shell under load. Figure 6 provides a valuable tool in assessing the 

failure behavior of these CMBs, because it can facilitate predicting whether a given CMB 

will fail due to flexural stresses exceeding its failure strength, or due to buckling of the 

shell wall. The range of measured wall thickness from SEM is represented in Fig. 6 by 

the shaded bar near the x-axis; it is obvious that real CMBs can fail by either mechanism. 

To relate the possibility of buckling failure to the experimental CMB data, we revisit the 

experimental trend containing an engineering property and CMB size, ec vs. <|>v. By 

replotting the data in terms of R divided by four different thicknesses — ta v g  ± sd j t m jn ,  tm ax?

and tent — we arrive at Figure 7. It is important to note that the plot of R/tcnt corresponds 

to the combination o f R, sc, and t values at which buckling will occur. Clearly, CMBs 

possessing wall thicknesses near the minimum value will fail by buckling, and CMBs of
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wall thicknesses near the maximum will fail in flexure. However, the real message from 

the plot is elucidated by comparing the curves —  R/taVg± Sd and R/tcnt- CMBs with above 

average wall thicknesses will fail by flexure, but there is significant overlap (shaded 

ellipse) between the critical curve and lower standard deviation curve, especially at low 

failure strains. A significant portion of the lowest failure strain data can therefore be 

attributed to buckling failures.

Since there are two failure modes in operation, buckling and flexure, the scatter in 

the compressive strain data is much more understandable. Replotting the experimental 

data in the classic logarithmic Weibull plot of failure probability against failure strain for 

three tap-densities, Fig. 8, provided confirmation of large variability in failure properties, 

as evidenced by the low Weibull moduli (between 1.5 and 10.6) shown in Table IV.

These values are more typical o f traditional (pottery) ceramics than engineered ceramics. 

Experimental confirmation o f dual failure modes, expected from the FEM predictions, is 

also provided by Figure 8, since the data for all three tap-densities were best fit by two 

linear trends for each population. In Weibull analysis, this bilinearity on a log scale is an 

indication of the existence of multiple mutually exclusive flaw populations, which in this 

case result in buckling failures for the lowest failure strains and flexural failures for the 

higher values. Thus, we have indirect experimental evidence of CMB failure by both 

buckling and flexure.

5. Conclusions

Finite element modeling, using ANSYS 8.0, of the uniaxial compression of 

carbon microballoons of three different tap densities (as per ASTM B-527) gave very
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useful results. Average stress distributions were calculated and the predicted fracture 

stresses, ranging from 636.7 to 835.9 MPa, were determined to be reasonable failure 

values for the carbon wall material of these microballoons. Additionally, the locations 

and magnitudes o f stresses indicated that failure was most likely to initiate on the 

microballoon’s inner wall directly under the contact region, or, with slightly less 

likelihood, in an annular region on the outer wall o f the microballoon just past the contact 

area. Both of these results contradicted postulations in previous work, where the 

maximum bending stress was suggested to occur at the microballoon’s equator. The FE 

results have also provided valuable insight into the nature of the platen to MB contact, 

both qualitatively, as it transitions from point through circular to annular, and 

quantitatively, as the contact radius for circular contact was measured to vary between 

4.497 and 5.58 pm.

Parametric finite element modeling to assess the effect o f the radius-to-wall- 

thickness ratio was performed, for the entire range of possible radii and thicknesses 

observed experimentally in these carbon microballoons. From this set o f analyses, we 

conclude that the critical ratio for buckling to occur in these materials varies parabolically 

in R-t space, and that buckling is a viable failure mode in carbon microballoons of all 

three tap densities. Using the critical buckling ratios and the experimental strain at failure 

data, support for a dual-slope Weibull plot of the microballoon failure strains was 

developed. This instructive Weibull plot provided experimental verification of the 

existence o f both buckling and flexural failure modes in these materials.
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8. Tables and Figures

Table I: Material properties for FE models.
Young's 
modulus 
of the 

(g/cm5) material, 
___________ E  (GPa)

Tap 
density

Poisson's 
ratio of 
the
material,
v

Radius,
R(pm)

Wall
thickness,
t(pm)

Failure 
displacement, 
8 (pm)

Average microballoon 
properties by tap 
density

Indenter tip properties

0.143 12.76 0.22 10.99 1.32 3.88
0.161 12.76 0.22 12.9 1.53 4.84
0.177 12.76 0.22 14.65 2.16 4.40
ALL 12.76 0.22 12.42 1.67 4.37
NA 380 0.27 NA
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Table II: ANSYS elements used in CMB modeling.
Model Element types

dimensionality Material Target Contact
2D
3D

PLANE 183 TARGE 169 
SOLID 187 TARGE170

CONTA172
CONTA174

Table HI: Boundary conditions for FEM

Model
dimensionality

Elements at Boundary conditions 
boundary x y z

line at x = 0 Fixed Free NA
line at y = 0 Free Fixed NA
x = 0 plane Fixed Free Free
y = 0 plane Free Fixed Free
z = 0 plane Free Free Fixed

Table IV: Weibull moduli for various tap density CMBs 
Tap density (g/cm3) 0.177 0.161 0.143

Flexure, Buckling, Flexure, Buckling, Flexure, Buckling,
Trendline nrii m2 rrii m2 I'm m2
Weibull modulus, m 1.5185 3.1807 2.0105 10.606 2.0774 3.6964

2D

3D
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Figure 1 Experimental compressive strain at failure vs. radius for all tap density CMBs. 
This trend line was used to determine the displacement applied to the platen during FEM.
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Platen

CMB

Figure 2 a von distributions, (a) 0.143 g/cm3, (b) 0.161 g/cm3, (c) 0.177 g/cm3. The trend is 
toward increasing stress with increasing tap density. The CMB and platen are labeled in 
(a).
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Figure 3 a p distributions, (a) 0.143 g/cm3, (b) 0.161 g/cm3, (c) 0.177 g/cm3 tap densities. 
The highest tap density experiences significantly higher maximum principal stress as 
compared to the other two tap densities.
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Platen

Outer
Surface

Inner _ 
Surface

Figure 4 Predicted FE stress distributions for 3D model of 0.143 g/cm3 tap density. The 
CMB’s 3D stress distributions are in close agreement with the 2D model predictions. The 
CMB and platen are labeled in (a).
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Figure 6 Failure mechanism map for CMBs. This allows the prediction o f failure by 
excessive bending stress or by elastic instability due to buckling. The range of wall 
thickness, observed (SEM) as 0.3 to 2.4 pm, shows that both failure mechanisms are 
operable.
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deviation (dashed curves), and critical values. The R/tcnt curve indicates CMBs whose 
combination of sc and R will yield buckling failure. Overlap, indicated by shaded ellipse, 
encompasses lowest compressive strains (those with highest R values), which probably 
failed by buckling.
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Figure 8 Weibull plot of CMB compressive failure strains, for CMBs of three different 
tap densities. Very low Weibull moduli for all CMBs indicate wide variability in 
strength. Two linear fits for each population indicate the presence of two failure modes, 
probably (from FEM) flexure and buckling. Open symbols and dashed lines were used 
for buckling failures, solids for flexure induced failure data.
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Abstract

Research into the mechanical properties o f syntactic foams, consisting of hollow 

microspheres, binder, and interstitial voids, is motivated by the desire for lightweight, 

high specific strength materials. In a companion paper, we reported on the testing of 

individual microballoons (MBs) and finite element modeling of idealized MBs. The real 

MBs, however, have imperfections. In this paper, we focus on MBs with the two most 

common experimentally observed flawed microstructures—non-concentricity of inner 

and outer wall boundaries and through-thickness holes. We have modeled, using ANSYS

8.0, the uniaxial compression of individual carbon microballoons (CMBs) containing 

defects and obtained deformed shapes and stress states at experimentally determined MB 

failure conditions. We used published CMB data for linear elastic analysis. Boundary 

conditions were chosen such that axisymmetry was achieved, and compression was 

conducted under displacement control. The two flaw types were modeled in different 

locations on the MB relative to the location of load application, and their effects on the 

stress state of the material were evaluated. It was concluded that the through-thickness 

holes in MB walls were the more detrimental defect to the compressive properties o f the 

CMBs, despite the fact that thin regions in an MB’s wall could cause buckling in a 

situation where the MB’s average radius and thickness would otherwise predict failure to 

occur in flexure.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



154

1. Introduction

How a material behaves at failure is critical to properly using it in a design, 

especially for composite materials. With composites, the mechanical behavior o f the 

individual constituents becomes crucial [1]. Syntactic foams, especially three-phase 

syntactics, are one such composite [2]. Three-phase syntactic foams consist of 

microballoons (MBs), a binder that is typically a polymer, and intentional interstitial 

voids, and their void contents often approach 90 percent. Such a high percentage of 

porosity means that the properties of the MBs are the determining factor for the 

compressive properties of the entire foam [3-5]. Despite the importance o f understanding 

MB failure behaviors, relatively few studies have attempted to characterize MBs [6], and 

o f them, only Bratt et al. [7] and our own works [8-10] have hypothesized as to the 

failure mechanism of the MBs. Several studies of wrzcroballoons have addressed the 

nature o f their collapse modes, finding that most wacroballoons fail in uniaxial 

compression by vertical splitting along the loading axis [11-13], but our companion paper 

provides the only investigation of MB failure mechanisms [9].

In this paper we explore the compressive behavior and failure modes offlawed 

carbon microballoons (CMBs)—linear elastic, brittle materials—which were 

experimentally characterized previously [8]. Specifically, the FE effort, using ANSYS

8.0, focuses on the effect of the most commonly observed flaws—through-thickness 

holes in the walls of MBs and internal hollows that are not concentric with the external 

surface of the MBs —on the stress state in these materials.
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2. Procedure

Details of the modeling procedures were outlined in detail in a companion article 

[9]. Compression testing of carbon microballoons (CMBs) provided us the data for three 

[14] tap-densities (ASTM B 527) of CMBs, as well as their microstructural aspects [8, 

15]. From SEM and optical microscopy, the morphology of these CMBs was determined 

to possess two common flaws. The first case was one wherein the internal cavity o f the 

CMB was not concentric with the external surface of the shell, resulting in a thin region 

in the CMB’s wall. The second basic flaw observed was that o f a through-thickness hole 

in the CMB’s wall. These two flawed geometries were combined with the average 

experimentally derived material, mechanical, and geometric property data for the CMBs, 

shown in Table I, in ANSYS 8.0 finite element (FE) software to simulate the 

compression of CMBs. Additional data in Table I on the upper compression platen was 

used for the model, namely the longitudinal modulus and Poisson’s ratio for a Saphikon 

fiber — the 90 pm diameter flat-ended sapphire tip used in the compression test [1].

As before, the compression was modeled in two-dimensional (2D) models using 

axisymmetric element formulations and in three-dimensional (3D) models using 

symmetry. Since these CMBs are brittle, elastic materials, the simulations were linear 

elastic structural, nonlinear contact analysis, using deformable bodies and large 

deformation element formulations. The element types chosen are displayed in Table II, 

and the boundary conditions (BCs) used for the 2D and the 3D models are given in Table

III.

Meshing for 2D and 3D models attempted to balance accuracy and CPU 

efficiency. A minimum of 4 elements spanned the wall thickness of the CMBs in 2D
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models. This number was used since it produced less than a 2 percent loss in the accuracy 

o f the predicted maximum stress values when compared to models using 8 or 16 through- 

thickness elements. The 3D meshes were generally coarser than those used in the 2D 

models, using 2 through-thickness elements in regions far from the hole in the wall and 4 

or 8 elements through-thickness around the hole.

Load application in all models was under displacement control, with the 

experimentally determined failure displacement for a CMB being assigned to the top of 

the platen. The applied displacement (8) was derived from the average failure strain for a 

CMB of the radius (R) being modeled, using the curve fit of the previously published 

experimental compressive strain (ec) vs. R curve for all CMBs, namely,

8 = 0.596lR 0'3991 (!)

where 8 and R are in pm.

3. Results

Until this point, the possibility of imperfect CMBs has been ignored, with the 

only deviation considered being that of the distribution of wall thicknesses and diameters 

present in the CMB populations. However, a perusal o f prior works [6, 8, 15, 16] and of 

Fig. 1 presents observations of these two very common types of flaws in single-walled 

CMBs —  non-concentric interiors and through-thickness holes in CMBs.

Axisymmetric models containing the two most frequently microscopically 

observed basic flaw types were studied via the FE analysis procedures described above.

In both cases, R = 20 pm was used, to facilitate comparison. In the concentricity study, 

the average wall thickness (tavg) was held at 1.67 pm while the minimum thickness (tmm)
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was varied between 0.2 and 1.67 pm. A representative micrograph of a through-thickness 

hole, verified by observing the wall thickness of the CMB when tilting the sample, is 

shown in Fig. 1. The overall average size of the holes observed via SEM was a 3 pm 

radius, in a CMB averaging 40 pm in diameter. In the FE models, the position o f the hole 

was varied from 0°-90° with respect to the y-axis.

In studying the non-concentricity flaw, it was determined that the thin region 

would be modeled in two locations. This was an attempt to ascertain the effect of the 

MB’s orientation with respect to axis o f load application. Figures 2 and 3 provide the von 

Mises (Ovon) and principal (ap) stress distributions for models where the thin region was 

positioned directly under the initial platen contact. Figures 4 and 5 exemplify the same 

three distributions for the thin area located on the MB’s equator. All o f these models are 

axisymmetric, 2D representations of the MB’s behavior when these thin regions are 

introduced in the MB ’ s wall.

Figure 6 illustrates the FE morphology used for modeling a CMB with a hole, and 

provides explanation for the sectioned views shown in subsequent figures. Figures 7 and 

8 provide the 3D distributions of CTvon and ctp, at a constant wall thickness o f 1.67 pm, for 

both the perfect shell (no hole) and the following hole positions: 0°, 45°, and 90°. Finally, 

the effect of wall thickness on the stress distribution around a hole in an MB wall is 

demonstrated in Figs. 9 and 10, which display cvon and ctp distributions for wall thickness 

variations between 0.85 pm and 2.4 pm, where the position of the hole was constant 

throughout.
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4. Discussion *

As can be seen in Fig. 2a-d, the maximum a von decreased from 1095 MPa for a 

CMB of uniform wall thickness to 821.6 MPa for a CMB with a non-concentric interior 

that created a tmjn of 0.9 pm. An examination of Fig. 3 revealed that the location of the 

maximum ctp was directly under the platen on the inner wall o f the CMB for the uniform 

wall thicknesses but shifted towards to the outer surface just past the platen-MB contact 

region as the wall became thinner. The decrease in thickness reduced the distance from 

a p to the neutral axis, reducing the flexural stresses in the region beneath the platen; 

hence, the shift in the region possessing the maximum ctp. For parts (e) and (f) of Figs. 2 

and 3, failure would have occurred at the onset of buckling, at a tmin similar to that 

already identified for idealized CMBs as the critical value for buckling at this CMB 

radius [9]. Thus, the thinnest region of an otherwise thick-walled CMB controls the 

failure mechanism.

The effect of placing the thin region in a location less-likely to occur during the 

experimental compression of a single CMB (gravity is likely to place the thinnest spot at 

the top of a CMB resting freely on a flat surface) was modeled, and the results are shown 

in Figs. 4 and 5. Maximum CFVon and maximum crp values showed little difference from 

the prior case, but the ctp distribution and buckling behavior were greatly affected. It was 

expected that the maximum a p values would shift to the CMBs equator due to the 

presence of the flaw. However, this was not the case. The maximum values, as seen in 

Fig 5b-e, were predicted on the inner wall under the platen, as in the uniform thickness 

model in Fig. 7a. The difference, caused by the decreasing cross-sectional area near the 

equator, was the increased stress in the wall at the equator as thickness decreased.
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Buckling, resulting in a torus-shaped internal cavity, did finally occur in this 

configuration, as seen in Fig 5f, but at a tmin of 0.2 pm, below the minimum CMB wall 

thickness observed via SEM.

The effect of through-thickness holes in the CMB walls was also evaluated by 

modeling, and a sample FE geometry is shown in Fig. 6. The position o f the hole in these 

models was fixed in the sectioning plane shown in Fig. 6a, but the angular position of the 

hole in the plane was varied from 0 to 90 degrees with respect to the y-axis. Figure 6b 

shows the zoomed, cut view, which was used to evaluate the effect o f the hole in 

subsequent figures. Figures 7 and 8 provide the a von and ctp distributions for four 

different hole conditions: (a) a perfect (no hole) shell, (b) a hole centered about the y- 

axis, (c) a hole at a 45° angle to the y-axis, and (d) a hole positioned in the y = 0 plane. 

Comparing Fig. 7b-d to Fig. 7a, the hole, as expected, did act as a stress riser, and its 

position determined the amount of increase in the effective stress. The closer the hole was 

located to the maximum stress position for the perfect shell, the greater was the increase 

in stresses (up to 49 % increase), whereas a hole located at the MB’s equator only 

increased the maximum stress by 3 %. Also note that in each position, the maximum or 

very near the maximum equivalent stresses were present at the hole. From Fig. 8a-d, the 

effect on ctp was seen to be most detrimental in the 45° position, where the principal 

stress increased by a factor of two over values of the perfect, impenetrated shell. Thus, 

the increase in stress caused by the hole was a function of the hole’s position relative to 

the maximum stress location for a perfect, impenetrated CMB. The closer that the hole 

was to the region of high stress, the greater was the detrimental effect on the CMB’s 

stress state. The last goal of hole modeling was to determine the effect o f wall thickness
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changes on the stress states o f CMBs containing a hole. For this, the hole position of 45° 

was chosen and wall thickness varied from 0.85 to 2.4 pm. As can be seen in Fig. 9a-e, 

the maximum effective stress, located at the y-axis and at the hole, increased with wall 

thickness. There was a 69 % increase in stress caused entirely by increasing the CMB 

wall thickness, a much more profound increase than that caused by introducing or 

moving the hole, as in Figs. 7 and 8. Why did an increase in wall thickness and in cross- 

sectional area lead to increased stresses? Figure 10, showing a p distributions, predicted 

increases in maximum ctp of 15 % over the range o f thicknesses. The location and 

distribution of these maxima resembled those in flexure of a beam.' Flexural stresses 

depend strongly on the distance of the stressed elements from the neutral axis of the 

beam. Thus, increasing thickness increased the distance from the free surfaces (location 

of maximum stress values) to the neutral axes, which explained the increased stress 

values.

A comparison among all o f the flawed models, which plotted stresses at a given 

average strain, revealed the relative detrimental effect of each flaw type to the structural 

integrity of the CMB under compression. For each case, we observed that the presence of 

a hole led to significantly higher stress levels in the material than did the presence of a 

thin region in the wall. The only exception to this rule was that of buckling failures. 

CMBs with holes did not seem to exhibit greater propensities to fail in buckling; 

however, once the minimum thickness of a non-concentric CMB reached a value near the 

critical buckling value for a uniform-walled CMB, buckling was predicted to occur if  the 

thin region was oriented directly beneath the load.
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5. Conclusions

Finite element modeling, using ANSYS 8.0, of the uniaxial compression 

o f flawed carbon microballoons of three different tap-densitres (as per ASTM B-527) 

gave very useful results. The effects of non-concentricity and through-thickness holes on 

the compressive stress distributions in CMBs were obtained. When thin regions were 

present in CMB walls, the propensity of buckling failures increased, as thin regions 

tended to produce buckling even when the average wall thickness was well above that 

critical for buckling o f uniform CMBs. Otherwise, non-concentric defects were 

concluded to have little detrimental effect on mechanical properties, as only marginal 

stress increases were observed as tmjn decreased. For CMBs with holes in their walls, it 

was apparent that the hole acted as a stress riser, both increasing the maximum stress 

experienced by the shell and serving to locate much higher stresses in the region around 

the hole, regardless of its location in the shell. Wall thickness was also observed to play a 

major role in increasing stress values when a hole was present, with higher stresses 

observed at greater wall thicknesses. Comparatively, the presence of holes was seen to 

increase the stresses in the CMBs to a far greater extent than thin regions, thus 

heightening the chance of failure more than moderately thin regions in a CMB’s wall.
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8. Tables and Figures

Table I: Material properties for FE models
Young's 

Tap modulus 
density of the
(g/cm) material, 

E (GPa)

Poisson's 
ratio of 
the
material,
v

Radius,
R(pm)

Wall
thickness,
t(pm)

Failure 
displacement, 
8 (pm)

Average microballoon 
properties by tap 
density

Indenter tip properties

0.143 12.76 0.22 10.99 1.32 3.88
0.161 12.76 0.22 12.9 1.53 4.84
0.177 12.76 0.22 14.65 2.16 4.40
ALL 12.76 0.22 12.42 1.67 4.37
NA 380 0.27 NA

Table II: ANSYS elements used in CMB modeling
Model _____________ Element types____________

dimensionality Material Target Contact

2D PLANE 183 TARGE169 CONTA172
3D SOLID 187 TARGE170 CONTA174

Table III: Boundary conditions for FEM____________
Model Elements at Boundary conditions 

dimensionality boundary

line at x = 0 Fixed Free NA
line at y = 0 Free Fixed NA
x = 0 plane Fixed Free Free
y = 0 plane Free Fixed Free
z = 0 plane Free Free Fixed
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Figure 1 Representative micrographs of flawed CMBs. (a) The average size of all holes 
observed in these CMBs was a 3 pm radius, in a CMB averaging 40 pm in diameter. 
SEM. (b) Non-concentric internal hollows were commonly observed in single-walled 
CMBs, over a wide range of CMB diameters.
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ow,( MPa) 
-834.9 
-742.1 
-649.4

556.6 
463.8 
371.1

■ 278.3
185.6 

*- 92.82 
-  0.067

° v o n  ( M P a )

597.5
531.1
464.7 
398.3 
331.9
265.5
199.2
132.8 
66.41

-  0.026

Figure 2 CTvon distribution for CMB of R = 20 pm and taVg= 1-67 pm, with thin region on 
loading axis, (a) Uniform twan, (b) tmin = 1.6 pm, (c) tmin =1.2 pm, (d) tmin = 0.9 pm, (e) 
tmin = 0.6 pm, (f) tmin = 0.3 )Lim. The maximum stress decreased as tmjn decreased, until 
buckling occurred.
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Figure 3 crp distribution for CMB of R = 20 (am and t avg =1.67 (am, with thin region on 
loading axis, (a) Uniform t wan, (b) tmin = 1.6 (am, (c) tmin = 1.2 ^m, (d) tmin = 0.9 (am, (e) 
tmin = 0.6 (am, (f) tmin = 0.3 (am. The principal stress decreased directly under the platen 
but increased on the external wall of the MB near the contact region as Wi decreased.
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Figure 4 a von distribution for CMB of R = 20 |am and tavg = 1.67 (am. (a) Uniform twaii, 
(b) t m i n  = 1.6 (am, (c) tmin = 1.2 (am, (d) tmin = 0.9 |am, (e) tmin = 0.6 (am, (f) t m i n  = 0.2 |am. 
The maximum stress decreased slightly as tmjn decreased, until buckling occurred.
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Figure 5 ctp distribution for CMB of R = 20 pm and t avg = 1.67 pm. (a) Uniform twaii, (b) 
tmin 1.6 pUl, (c) tmin 1*2 pm, (d) tmin 0.9 pm, (c) tmin 0.6 pm, (f) tmin 0.2 fJffl. The 
maximum principal stress decreased slightly as tmin decreased until buckling occurred.
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Inner surface 
o fC M B

Platen O uter surface 
o fC M B

Sectioned
surfaceSectioning Plane

Figure 6 Schematic of 3D models, (a) Full model, showing hole and sectioning plane, 
and (b) Zoomed view of cut surface. The CMB, platen, and other relevant features are 
labeled.
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Figure 7 Effect of hole position on a von- (a) No hole, (b) hole centered on y-axis, (c) hole 
at 45°, (d) hole at y = 0 plane. The presence of the hole intensifies the maximum stress 
level, more so when the hole is positioned in regions of the highest stress in (a).
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Figure 8 Effect of hole position on a p. (a) No hole, (b) hole centered on y-axis, (c) hole at 
45°, (d) hole at y = 0 plane. The presence of the hole intensifies the maximum stress 
level, more so when the hole is positioned in regions that possessed higher stresses in (a).
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Figure 9 Effect of varying wall thickness on a von distribution around hole in MB wall, (a) 
twaii = 0.85 |xm, (b) twaii = 1.2 (am, (c) twaii = 1-67 pun, (d) twaii = 2 (am, (e) twaii= 2.4 |am. 
The maximum stress intensity increased with wall thickness.
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Figure 10 Effect of varying wall thickness on ctp distribution around hole in MB wall, (a) 
t w a i i  = 0.85 pm, (b) t w a n  = 1.2 j a m ,  (c) t w a i i  = 1-67 pm, (d) twan = 2 pm, (e) twan= 2.4 jam. 
The maximum principal stresses were always located at the hole and increased with wall 
thickness.
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CONCLUSIONS

A combination of differential scanning calorimetry (DSC), impulse excitation, 

microscopy, innovative nanoindentation adaptations, and finite element modeling (FEM) 

has provided for a thorough characterization of four tap densities of CMBs and their 

syntactic foams. We have used optical and electron microscopy to determine the 

sphericities, wall thicknesses, and diameters o f these CMBs. Compressive property 

characterization was performed using a nanoindenter, both in its native configuration 

determining Young’s modulus via Berkovich indentations and in a novel adaptation to 

compress individual CMBs. Finally, FEM, using ANSYS 8.0, of the nanoindentation 

compression test was performed, providing new insights into the deformed shapes and 

stress distributions present in CMBs under uniaxial compression.

Several conclusions were possible with respect to the CMBs’ structural 

morphology. First was the existence of many irregular CMB shapes, including joined and 

nested CMBs. Additionally, microscopy proved that there was no correlation between 

wall thickness and CMB size. However, there was a trend toward increasing average wall 

thickness with increasing tap density, with the 0.177 g/cm3 tap density statistically t- 

testing at the 95 percent confidence level as possessing thicker walls than the 0.143 and

0.161 g/cm3 tap densities. Furthermore, numerous flaws in the materials were identified 

from SEM and optical imaging, with the two most commonly observed in single-walled 

CMBs being non-concentric internal hollows and through-thickness holes.
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From experimental mechanical testing, several trends were observed. Primary 

among these was that compressive strain at failure was proportional to the inverse three- 

fifths root of diameter for all tap densities. Additionally, CMB stiffness was found to be 

linearly related to CMB failure load within any tap density, and, intra-tap density, lower 

slopes in the linear trends corresponded to higher tap densities. Average properties, 

namely failure load, fracture energy, and pseudo-stiffness, increased with increasing tap 

density, although not always with statistical significance. The compressive properties of 

APO-BMI coated CMBs were seen to follow the same trends as uncoated CMBs, with no 

statistical difference in properties observed in coated and uncoated CMBs of the same tap 

density. From this comparison, it was concluded that a thin coating of APO-BMI on the 

surfaces o f CMBs does not affect their compressive properties, thus the compression 

strength of these three-phase syntactic foams will be due to the CMBs and the binder 

ligaments connecting them, not to the thin layer o f binder on the CMB surfaces 

throughout the foam. Additionally, comparison of average properties proved single­

walled CMBs superior to nested CMBs.

Characterization of the APO-BMI nanoindentation represents the only known 

mechanical characterization efforts of this material. The Young’s modulus of APO-BMI 

was measured as 6.4 GPa, using both neat and foam samples. Additionally, DSC was 

performed on neat and in situ APO-BMI, from which the melting temperature was seen 

to be 120 °C and the curing exotherm was observed at 228 and 205 °C for the neat and in 

situ samples, respectively. This difference was hypothesized to be the result o f the CMBs 

catalyzing the curing reaction. It was further supported by the drop in the heat of reaction 

for the in situ samples.
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Finite element modeling, using ANSYS 8.0, of the uniaxial compression of 

single-walled CMBs provided very useful results, which helped elucidate many of the 

trends in the experimental data. From predicted average stress distributions for each tap 

density, two conclusions were possible: (i) the failure stress values were reasonable for 

this type of carbon, and (ii) failure most likely initiates on the microballoon’s inner wall 

directly under the contact region. This failure site prediction was in contradiction to 

postulations in previous work on MBs but more in agreement with results for 

/wacroballoons. The FE results have also qualitatively described the transitions, from 

point to circular to annular, o f the MB-platen contact and allowed quantitative 

measurement of the circular contact radius, which varied between 4.497 and 5.580 pm 

for the average property models.

FE models parametrically varying radius and wall thickness allowed 

characterization of the critical values for failure by buckling in these CMBs, which was 

seen to be a parabolic function in R-t space. Based on the R-t values where buckling was 

predicted and the microscopic observations of these CMBs, bucking was concluded to be 

a viable failure mechanism. Experimental evidence of two flaw populations was also 

provided by a dual-slope Weibull plot o f the microballoon failure strains, where the lower 

failure probabilities were attributed to buckling and the higher failure probabilities to 

failure in flexure.

Simulations of the compression of single-walled CMBs with non-concentric 

interiors or through-thickness holes have delineated the relative detriment o f  each flaw 

type. The thin regions in CMB walls, caused by offset internal hollows, tended to 

produce buckling failures even when the average wall thickness was well above that
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critical for buckling o f uniform CMBs. Little other increased failure propensity was 

noted. In the hole modeling results, it was noted that holes did act as stress risers, 

increasing the maximum stresses in the carbon walls by 3 to 63 percent, depending on the 

particular location where the hole was modeled. In each hole position, very nearly the 

maximum stress values in the model were observed at the hole. Comparison of the two 

types o f flaw models revealed that the presence of non-concentricity in a CMB was a 

more tolerable defect than a through-thickness hole. This is because the holes 

significantly heighten the stress levels in the material and thus increase the probability of 

CMB failure more than a moderately thin region in the CMB’s wall.

This characterization effort could be more complete, if  some additional research 

and resources were available. Further study should attempt to experimentally confirm the 

deformation of MBs under uniaxial loading. Compression tests of individual MBs should 

be performed while optically recording the progression of loading, through the 

acquisition and use of a traveling microscope/high speed camera. This would either 

validate or refute the present FE predictions and could be used to eliminate some of the 

scatter in the compression data. Additional efforts in characterizing the effect o f coatings 

and surface treatments on bonding between binder resins and MBs would be beneficial, 

potentially allowing for tailoring of the MB-binder interface and the construction of 

syntactic foams with improved flexural and tensile properties. FEM of the compression 

o f coated MBs and o f MB-binder systems is also recommended and would hopefully 

prove as insightful as has the FEM of the compression o f individual CMBs.
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