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nanosubply with its corresponding stresses is shown in figure 5. All the nanomechanics predictive 
equations are derived by using figure 5. The equations used are extensive; they are all programmed in 
ICAN/JAVA (ref. 10). Details are not explicitly shown here because the emphasis is on the results 
obtained and their practical significance. A simplified form of the equation is summarized prior to 
predicted results. The equations are for (1) In situ nanofabrication parameters—fiber volume ratio, matrix 
volume ratio, and void volume ratio; (2) Nanophysical properties—density, heat capacity, heat 
conductivities, diffusivities, moisture expansion coefficients, and thermal expansion coefficients; (3) 
Mechanical properties—normal moduli, shear moduli, and Poisson's ratios; and (4) Individual uniaxial 
strengths, as shown in figure 5. As previously mentioned, all these equations are programmed in 
ICAN/JAVA and are available for obtaining the results that are subsequently described. This approach 
has the unique advantage that it can be used directly to predict nano, micro, macro, and structural 
properties of composites as required in item 7 of reference 12.  
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Prior to describing the results obtained, it is instructive to describe the interface and how it is 
modeled. The schematics in figure 6 show a vertical slice with unit thickness of the nanocomposite with a 
single fiber in it. As can be seen in this slice, the fiber interface is represented by a series of progressively 
larger volume voids starting with the smallest near the matrix interface and ending with the fiber 
interface. It can be visualized by cutting a vertical section through and part in the interface that the 
resisting force will be equal to the applied force. However, the stress in the matrix will be magnified 
because of the voids. This magnification is shown in figure 7 for a specific nanocomposite with 0.05-fiber 
volume ratio and with void volume ratio varying from 0.05 to 0.4. 
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Physical Properties 

The equations for predicting these properties are summarized in figure 12 except the equation for the 
weight density, which is the second equation in figure 8. The first physical property of a nanocomposite is 
the weight density whose distribution through the thickness is plotted in figure 13. It is noted that this 
physical property has analogous distribution as that for the fiber volume ratio. It starts at the weight 
density of the matrix and progresses to its highest value at midheight. The second physical property 
investigated is the heat capacity, which is plotted in figure 14 through the thickness. This property 
behaves opposite to that of the density—starts at the heat capacity of the resin and decreases progressively 
at midheight. This is so because the heat capacity of the resin is greater than that of the fiber (0.25 to  
0.23 Btu/lb-°F). This is the last of the scalar properties. The subsequent ones are directional. The major 
observation to be made about the scalar properties is that they all have about the same shape except the 
voids where their distribution is constant through the thickness of the nanolaminate. 
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Moisture Expansion 

The longitudinal moisture expansion coefficient is shown graphically in figure 20. As can be seen in 
figure 20, it starts at a relatively high matrix expansion and decreases rapidly to almost zero values. The 
reason for this rapid decrease is that the fibers do not expand in moisture fields. The weighted average of 
the longitudinal moisture expansion is near zero, thus exhibiting a huge stress concentration in the 
bounding matrix. The practical significance of this large discrepancy between the matrix and fiber 
moisture expansion is that moisture will induce nanoscale crazes in the matrix in that region. 

The transverse moisture expansion is plotted in figure 21. It can be seen in this figure that its behavior 
is analogous to the longitudinal diffusivity. 
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Thermal Expansion 

The longitudinal nanothermal expansion coefficient is shown graphically in figure 22. This 
coefficient shows the same behavior as the longitudinal moisture expansion but at different scales. It starts 
with the thermal expansion of the matrix and rapidly decreases to near zero. The reason for this rapid 
decrease from the matrix to the fiber is that the fibers are assumed to have a near-negative longitudinal 
expansion. The comments noted in the discussion of the longitudinal moisture expansion, with respect to 
stress concentration, apply to the thermal longitudinal expansion as well. The practical significance is that 
crazes in this matrix region will occur during the cooling down of the nanocomposite. 

The transverse thermal expansion is plotted in figure 23. It shows similar behavior as that for the 
transverse moisture expansion in figure 21. As can be seen, it exhibits a gradual decrease from the matrix 
region to the fiber reaching a minimum at midheight. It is noted here, as a reminder, that the distribution 
shown in these figures are the direct result of the progressive monofiber laminate substructuring. It is also 
noted that the through-the-thickness thermal expansion is the same as that for the transverse. This 
property is the last one of the physical properties of the nanounidirectional laminate. 
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Poisson's Ratios 

The major Poisson’s ratio is plotted in figure 29. It can be seen that it starts at its maximum value (the 
average value at 0.05 fiber volume ratio) and decreases gradually reaching its minimum value of about 
0.29 at midheight. It can also be observed that the graph is a well-behaved function. 

The through-the-thickness Poisson's ratio is plotted graphically in figure 30. Observe that this is a 
peculiar plot. It starts from an average value of the Poisson's ratio of the matrix, rapidly increases to point 
0.651 and then progressively decreases to a lower value of about 0.58 at midheight, and it is symmetric. 
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Longitudinal Compression 

The longitudinal compression strength is plotted graphically in figure 33. It starts at the matrix 
compressive strength (about 35 ksi) and increases rapidly to its highest value, which is about 160 ksi at 
the midheight of the nanolaminate. Then it decreases symmetrically to about the compressive strength of 
the matrix. 

Transverse Tensile Strength 

The nanocomposite transverse strength of a unidirectional laminate is plotted graphically in figure 34. 
As can be seen in the figure, it starts at the transverse tensile strength of the matrix, about 15 000 psi and 
decreases very rapidly to about 11 300 psi at the midheight of the nanolaminate. 
 



NASA/TM—2007-214673 19

 
 

 

Transverse Compressive Strength 

The transverse compressive strength is shown graphically in figure 35. The behavior of this strength 
is comparable to the transverse tensile strength (fig. 34). The comments made in that figure apply to this 
figure as well. 

Intralaminar Shear Strength 

The intralaminar shear strength is plotted graphically in figure 36. The behavior of this strength is 
comparable to the two transverse strengths except that scale is a bit lower. The comments made for those 
two strengths apply to the intralaminar shear strength as well. 

Interlaminar Shear Strength 

The interlaminar (through-the-thickness) shear strength is plotted graphically in figure 37. This 
strength has analogous behavior as the intralaminar shear strength except that it reaches about 10 000 psi. 
Then it reverses symmetrically. The practical significance of this behavior is that the matrix-bounding 
interface needs to be very thin otherwise the unidirectional nanolaminate will have very little transverse 
and shear strengths. 
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7. All the figures are symmetric about the midheight; most of them exhibit continuous behavior as 
would be expected. There is one exception: the through-the-thickness Poisson's ratio exhibits 
bimodal symmetric behavior. 

8. The formulation and results are possible where the fiber diameter is a variable in the formulation 
and including the fiber, matrix, and void volume ratios input quantities into the computer code.  
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