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Abstract 

This project focused on the study of the effects of microstructural features on the 

fracture process of high temperature structural ceramic materials that operate under cyclic 

loading environments. The ability to model these effects and the prediction of the 

deformation behavior also become an important consideration, as it provides a direct link 

to the design cycle for both, processing and design engineers. 

The project evaluated cyclic effects, high cycle fatigue behavior, and elevated 

temperature effects under these conditions. Evaluation of the effects of cyclic loading are 

performed using pre-cracked tensile test specimens (PFT) and bulk specimens by Moire 

Interferometry. Development of finite element and simple micromechanical models for 

predictions of the observed behavior also presented. It is observed that hysteretic load- 

displacement loops arise as the primary characteristic of the behavior, although gross-slip 

behavior is seen under certain circumstances. 

The results of this study conclude that the single most important parameter responsible 

for the observed behavior, whether hysteretic or gross residual displacement behavior, is 

contact point density. The results show a direct link between the behavior observed and 

the microstructural features that are active, mainly elastic bridges and the conversion the 



elastic to sliding bridges that dissipate frictional energy. It is also concluded that a 

distribution of residual stresses and grain stifihess is required to correlate with the 

observed behaviors. Evidence of both, large and small scale debris is also found after 

cyclic loading. Large scale debris is primarily found in small grain size aluminas, whereas 

small scale debris is observed in high cyclic fatigue specimens. Smale scale debris is 

primarily the result of mechanical wear. 

/. Objectives: No change from proposal 

2. Basic Research Issues 

• Determination of crack growth toughening mechanisms in structural ceramics at all 

temperature conditions of relevance. 

• Relate operative toughening mechanisms to the microstructure in a universal manner. 

• Measurement methods of specimen displacements at high temperatures were 

developed and adapted to the demands of the present challenge. Presently, moire 

interferometry will be used for DCB characterization in all temperature ranges studied. 

• Development of a model descriptive of the physical principles. 

3. Approach 

• PFT methods will serve as the primary tool for the determination of the link between 

the microstructure and the behavior. 

• Use optical methods for high temperature displacement measurements (Moire 

Interferometry). 



• Micromechanical modeling is utilized to examine the role of the microstructure on the 

observed cyclic behavior. 

• A hovel micromechanical approach to FEM-based model will incorporate the basic 

elements of the microstructure for a universal microstructural design method. 

4.        Significant Results 

Fracture Process Zone Characterization: Cyclic Loading Results (U of H) 

The single most prominent feature of the load displacement behavior in a PFT 

specimen under cyclic loading is the formation of a hysteresis loop. A typical set of load- 

displacement curves is shown in Figure 1. The maximum test load was progressively 

increased for each cycle. Although the data curves would be normally displaced by the 

residual amount of the previous cycle, all the curves are shown at the origin. The data is 

shown this way to validate the assumption that no gross wake zone damage is occurring 

during the initial stages of the test, as indicated by the unchanged specimen compliance. A 

linear-elastic behavior is observed as the specimen is loaded to 0.22kg which is then 

unloaded. Following the behavior relating to the role of contact density we may conclude 

that the majority of the contact points in this portion of the wake zone act as elastic 

contacts throughout the load range of cycle 1. This is a reasonable assumption, as the 

smallest COD characterizes this part of the wake zone, which is immediately behind the 

crack tip. One would expect to find the greatest population bridging grains in this region. 

With the increase of the maximum load in cycles 2 through 4 in Figure 1, a hysteresis 

loop develops. This is an indication that some of the elastic points present at lower load 

levels begin to slide, thus converting to slip contact points.   The tangential shear stress 



acting on these contact points has increased sufficiently to overcome the local critical 

shear stress, which results in the increasing compliance observed. 
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Figure 1 Effect of progressive loading in the evolution on a nearly closed hysteresis loops in alumina 

Because the nature of the loading and unloading event includes the dissipation of 

energy by frictional sliding, it is observed that the hysteresis loops do not fully close when 

unloaded. The nature of the PFT test, where only tension loading is allowed due to the 

nature of the geometry of the lower loading groove dictates that the energy available to 

return the loop to a nearly closed state comes solely from the elastic energy stored in the 

system. 

A distinctively different behavior, namely open loop behavior, was observed for all of 

the larger COD PFT specimens, regardless of microstructure.    A typical open loop 



behavior is presented in Figure 2. In this test, the FPT specimen is initially loaded to 0.15 

Kg, where nearly linear elastic behavior is observed. Further cycles at larger maximum 

loads, result in a hysteresis loop characterized by a sharp transition point and large residual 

displacement. This behavior is associated with the formation of a new bridging system 

and generation of large-scale debris. 

The case presented here is different from case presented before, in that any subsequent 

loading cycle that is applied to this specimen results in a distinctively open loop behavior. 

The formation of open loop behavior is the result of gross slip, and the continuous 

formation of new bridging systems with subsequent loading. At this load, a mass 

conversion of stick to slip contact points occurs leading to the gross slip behavior 

observed in cycles 2, and 3. Continuation of this test at the level of loading that causes 

gross slip would have resulted in certain failure of the specimen in the cycles immediately 

following the ones shown. Instead of continuing this experiment, the maximum loading is 

reduced back to the initial load of 0.15 Kg, to assess the condition of the wake zone. In is 

observed that a nearly closed hysteresis loop is formed once again, but closer examination 

of the loop, by comparison to the initial test cycle reveals degradation of the wake zone, as 

indicated by the increased specimen compliance. 
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Figure 2 Effect of increased loading and resulting open loop behavior on a PFT 3 AL23 
specimen 

The typical effects of long term, or high, cyclic loading are shown in Figure 3. Cycles 

1, 100, 1000 and 4000 are presented for the same PFT. Here, it is observed that as load 

cycling progresses the frictional sliding force (force that resists the movement of slip 

contacts) is reduced. This may result from a combination of two different mechanisms. 

Firstly, the frictional coefficient between contact points may be reduced due to some 

smoothing of the interface. Secondly, removal of interface material, as a result of wear, 

would make the normal forces on the bridging grains decrease. Both of these mechanisms 

acting alone or simultaneously could be responsible for the observed behavior. Also, it is 

of note that the load which determines the onset of sliding, i.e. where the initial loading 

compliance begins to increase, reduces with increasing cycle number. The onset of sliding 



is shown for both cycles 1 and 4000. Interestingly, the initial compliance remains constant, 

which indicates that the number of contact points does not change throughout this test. 
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Figure 3 Effects of Long Term Cyclic Loading 

Fracture Process Zone Characterization at Elevated Temperatures: Cyclic Loading 

Experiments Set-up (U of H) 

The effects of elevated temperature testing are presented in Figure 4. Initially, at room 

temperature, linear elastic behavior is observed, where minimal sliding occurs. However, 

as the temperature is increased to 600°C, while maintaining the load constant, the 

formation of a hysteresis is observed. It is believed that this is due to the relaxation of the 

normal (clamping) forces on the bridging grains resulting from the reduction of the 

thermal elastic anisotropic effects present at room temperature. This results in lower 



threshold loads for the sliding of contact points. Upon additional increase of temperature 

to 800°C further relaxation of the normal forces is observed, resulting in the ratcheting 

behavior previously observed at room temperature. 

As in the previous section, the comparison of the initial and final loading curves in this 

experiment, show evidence of FPZ degradation. 
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Figure 4 Effects of Temperature on PFT Behavior 

2.5 

A comparison of the behavior of two alumina ceramics at elevated temperature is 

shown in Figure 5. This comparison is essential in the evaluation of the microstructural 

effects,  since these curves represent crack opening displacement and temperature 



conditions that are similar. The initial crack opening displacements for both tests is 

estimated at 825 nm for both cases, where most of the active grains are still active in the 

wake zone. The curves show that the load-displacement curve for AL23, which was 

tested at 0.45 Kg maximum load, would have probably failed at a slighter larger maximum 

load since the compliance at the maximum load point is very large. 
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Figure 5 Elevated temperature (800 C) test loops comparing wake zone load capacity of a PFT 2 for 
two alumina microstructures 

The AD995 curve, however, indicates a higher load or bridging capacity as it could be 

tested to 0.6Kg, with final compliance values that show a potential ability for higher load 

capacity. Considering that both PFT specimens were produced from temperature 

interrupted DCB fracture tests, and considering that COD and temperature conditions are 

similar, it could then be concluded that the differences observed in the load-displacement 

curves between the two alumina microstructures is strictly the result of active grain bridge 
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systems. Since the initial crack opening displacements associated with these tests show 

that the small grain size range grouping (0-6 microns) for AL995 are active in the wake 

zone, then the additional load or bridging capacity for AD995 can, once again, be 

attributed to the ability of small size grains to provide load path between crack faces. 

Micromechanical Modeling at U of H 

An attempt to model the PFT by use of simplified modeling indicated very early in the 

program that the system, as modeled, would never have enough stored elastic energy to 

produce hysteretic loop behavior. It was clear from the initial results, that some 

distribution of elastic and frictional contributions was needed to adequately model cyclic 

loading behavior. 

The incremental piecewise linear model is proposed as a representation of a set of 

wake zone elements groups that contribute to the total bridging event. The model, shown 

in Figure 6, represents the wake zone as a distribution of elements that have different 

elastic and slip characteristics. A distribution means that grain-bridging elements will have 

different degrees of contribution, i.e., some will move more easily than others will. The 

remainder of the grain bridges that do not contribute in slip or frictional dissipation, are 

modeled as the large spring. 
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Nearly closed-loop hysteretic behavior has been qualitatively described in the previous 

sections as the case where a high contact point density, dominated by elastic contact 

points is present in the wake zone. Shown in Figure 7, is a typical nearly-closed hysteresis 

loop corresponding to a AD995 PFT 1. Unlike the results of simplified modeling, a 

correlation to these test conditions was clearly obtained by use of the piece-wise 

incremental model. 

To achieve this correlation, the modeling was subjected to the restrictions of a 

maximum initial compliance of 0.2 urn/Kg. A statistical distribution of normal forces and 

elastic contributors, as represented by the mass of the blocks and springs were obtained. 

These distributions were subject to the conditions that the elastic contributions could not 
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exceed 52 N/ pm, which is equivalent to the initial stiffness of the system evaluated here. 

The individual elastic stiffnesses which comprised the distribution ranged between 2.3 and 

5.1 N/um. An additional stiffness element of 5 N/pm is added, which represent the 

remainder of elastic contributions that stay elastic throughout the simulation, i.e., do not 

contribute with sliding effects. 
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Figure 7 Room temperature incremental piecewise model correlation 

The incremental piecewise modeling also provided excellent elevated temperature 

correlation. An example of the correlation of Thermal Expansion Anisotropie (TEA) 

effects is shown in Figure 8. In here, back-to-back tests are performed on the same 

specimen at similar test conditions. A room temperature test is first preformed, which is 
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then followed by an elevated temperature test at 600C. The test results are shown by the 

solid lines. 

A successfiil correlation was obtained by first obtaining a correlation at room 

temperature. A correlation is then obtained at 600 C, by modifying the residual stress 

distribution array to reduce the normal forces by 42%, which is in excellent agreement 

with residual stress reduction calculations available in the literature. 
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An important finding of the correlation exercises is that there are microstructural 

events that can not be accurately modeled. These features include observations that tests 

performed on specimen of larger COD and that are associated with higher loads, causes 

the effective bridging lengths of smaller grains to be exceeded, causing dislodging and 

repositioning of these particles in the wake zone. The particles then interfere in the 

motion of the wake, causing artificial crack opening displacements, which are later 

reduced as the result of pulverization or accommodation of debris under subsequent cycles 

of loading. It is important to recognize that the scale of residual displacement falls in the 

order of this particle size, considering the cumulative residual displacement for the entire 

test sequence. An example of large-scale debris is shown in Figure 9. 

Figure 9 Fracture surface topography showing large scale debris in AD995 
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Micromechanic Modeling (U of W) 

The fracture process zone (FPZ) of two polycrystalline alumina fracture specimens 

were analyzed by a hybrid experimental-numerical procedure involving a phase-shifting 

moire interferometry and a newly developed moir£ grating for room and high temperature 

testings, respectively. The resultant displacement field provided the input to a finite 
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Figure 10. KR curves for AL-23 alumina. 

element model of a wedge-loaded, double cantilever beam (WL-DCB) specimen geometry 

of two microstructures of commercial alumina. The crack closing stress in the FPZ 

decreased precipitously with increasing crack opening displacement The change in the 
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fracture resistance, i.e. KR-curves, with increasing temperature for the 99.7% commercial 

alumina (AL23) are shown in Figure 10. 

These results are consistent with earlier directly-measured KR-curves, reported in this 

program, where thermoelastic residual stresses dominate below 700C, as characterized by 

lower plateau values with increased temperature. At higher temperature, the effect of 

reduced viscosity of the glassy interface is indicated by both reduced plateau levels and 

KR-curve flattening. The fracture energy dissipated in the FPZ is about 95 percent of the 

energy released thus showing that the FPZ is the major energy dissipation mechanism in 

the brittle alumina. 

The results of a second generation model of the FPZ have been investigated in more 

detail. The experimental and computed bridging stress versus applied displacements for a 

low cycle fatigue test were found to be in agreement. An analysis of the individual 

bridging grains in this second generation model has now been performed. The purpose of 

this analysis was to provide insight into the details of crack bridging. 

The FE model did not include any explicit forms of degradation such as a decrease in 

the coefficient of friction due to wear yet it modeled the experimental results satisfactorily. 

An analysis of the individual crack bridges showed increased pullout of the grain at 

unloading after each successive cycle as seen in Figure 11. This "residual pullout" was 

responsible for the degradation effect in the FE model. It is unclear at this point whether 

this "residual pullout" can fully explain the degradation of the grain bridges at low-cycle 

tension-tension, but it remains a possibility. 
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During the course of this analysis, several limitations were identified in the second 

generation model. The second generation model was composed of eleven individual 

models each pertaining to a different grain size. Load control of this model was not 

possible due to the different load carrying capacities of each model.   In addition, the 
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Figure 11 Residual Pullout 

dimensions of the largest model were 6.625 times larger than the smallest model due to 

the restriction of having the same number of elements in each model. While this effect 

was neutralized in the cross-sectional plane by dividing the force by the cross-sectional 

area, no such solution was possible for the dimension parallel to the load line. This results 

in a smaller "net applied displacement" at the crack interface in the larger grains. 
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When the interfacial stresses between bridging grains were analyzed, the interfacial 

stresses in the larger grain size model were much larger than those in the smaller due to 

the larger strain mismatch. In the "real" material, the average interfacial stresses are 

smaller because of the large probability that a large grain will be interacting with a small 

grain. This becomes more obvious when the grain size distribution is plotted in terms of 

numbers of grain instead of grain area as seen in Figure 12. As a result of these and other 

minor issues, it was determined a third generation model should be developed. This third 

generation model will be a "unified" model where all the grains are modeled in one FE 

mesh. In addition, attempts will be made to model a more complicated (and real) crack 

path. 
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A third generation hybrid experimental-numerical procedure was used to analyze the 

results from low cycle fatigue tests on AD998 alumina at room (~25°C) , 600°C and 

800°C temperatures. A double cantilever beam (DCB) specimen was pin loaded and 

driven by a piezoelectric transducer. Unfortunately, the pin gradually "stuck" in the 

specimen after -50 cycles at room temperature and after only 1 or 2 cycles at higher 

temperatures. This was not recognized until after tests were performed and modeling 

began. During the subsequent cycles, the minimum load observed by the specimen 

gradually increased to the maximum load. Because of this, relevant data was only 

available during the first two or three cycles of the fatigue test during which 0 < R < 0.1. 

Phase shifting moire interferometry was performed on the specimens at various steps in 

the loading and unloading of the specimen. 

The moire data was used in a subsequent finite element model to determine the crack 

closure stress (CCS) caused by bridging grains in the fracture process zone (FPZ). The 

DCB specimen was modeled exactly as shown in Figure 14. The model consisted of 50 

micron square elements near the crack path and 100 micron square elements farther from 

the crack. The displacement information from the phase-shifted moire was used to 

generate a crack profile which was subsequently used as boundary conditions on the crack 

faces. At the location of the pin loading, displacement data was used as boundary 

conditions in the horizontal direction and load cell data was used as a boundary condition 

in the vertical direction as shown in Figure 14. The resulting reaction force at the crack 

face was used to calculate the crack closure stresses (CCS). An Environmental Assisted 

Scanning Electron Microscope (ESEM) was used to observe crack bridges as seen in 

Figure 15. 
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Figure 14. FEA Model Figure 15 SEM Photo of Grain Bridge 

The resulting crack profiles from the moire data at several loads and unloads at room 

temperature are shown in Figure 16. The resulting horizontal load at the pin load is 

indicated in the legend. During unloading of the crack, it appeared that crack bridges 

provided a "crack closure" effect. As a result, the grain bridges near the crack tip did not 

return to their original un-cracked location. This artifact remained during subsequent 

loading and un-loading . The source of "crack closure" is attributed to the re-initiation of 

contact between grain bridges that were previously separated while loaded at the 

maximum load. 600°C and 800°C specimens exhibited the same effect. This is shown for 

the 800°C specimens in Figure 17. The"crack closure" effect and resultant residual 

opening remained with the pin removed from the specimen indicating that this effect was 

not due to the pin sticking. 
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The crack closure stress for a room temperature test during loading, unloading, and 

subsequent reloading are shown in Figure 18. During the unloading phase, the CCS 

stresses become negative as the grain bridges resist returning to their original positions 

due to frictional contact.   This was similarly observed at both 600°C and 800°C.   The 

a 
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Figure 18. CCS Stresses at Room Temperature 

800°C data is shown in Figure 19. Comparison between temperatures shows a decrease in 

CCS stresses as the temperature increases at peak load while the stresses at unload are 

similar for all temperatures 
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Figure 19 CCS Stresses at 8OO0C 

As a result of this initial analysis, it appears that R>0 fatigue does not result in a full 

range of grain sliding. A "crack closure" effect reduces the amount of grain sliding at 

bridging sites. This reduction in grain sliding reduces the amount of wear possible during 

R>0 fatigue. This may be extended to other materials such as self-reinforced silicon 

nitride with beta phase grains which exhibits a dependence of crack growth rate on R. 

5.        AF Relevance 

• Develop microstructure-based methods for design of improved toughness ceramics. 

• Initiate basis for component design methodology for brittle materials. 
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