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ABSTRACT

A numerical model of passive thermal nondestructive
evaluation of composite laminates was developed. This model,
based on a transient, three-dimensional, finite difference
solution to the heat conduction equations, can be used to
characterize in-plane defects in the laminates and to predict
the laminate response to the thermal test. The model was
experimentally verified using two material systems. A para-
metric study was then conducted to ascertain which variables
were critical to the success of passive thermal NDE, and how

flaw resolution might be improved.

{ Acaession ¥or Y
RTIS GRAXL cd
DTIC TAB 0

Unannounrced 0

o1 VHAGCrhagyre
Availabiligr'cbdas
Avail and/or
Pls Speciq&

ccithap

ii




INTRODUCTION

As composite materials become more and more widely
accepted for use in structures and machines, the need for
quality control and integrity assurance becomes more acute.
Therefore, the field of nondestructive evaluation (NDE) takes
on increased importance in the development and use of com-
posites. Several NDE techniques are currently available or
under investigation for use with composite materials. These
include ultrasonic inspection, accoustic emission, holography,
x-ray, and more. A relatively new field of study is thermo-
graphy, or the use of thermal imaging of surface temperature
distributions on a composite material to ascertain the integrity
of the sub-surface structure.

Thermography received considerable attention as a
medical diagnostic tool in the late 1960's [1]. Engineering
applications of thermography began to be seen in the 1970's,
with energy conservation [2], electronic circuit quality con-
trol [3], and material studies each receiving attention. In the

area of material evaluation, some initial work was done using an
"active" mode of testing in which the material is cyclically
stressed while its surface temperatures are monitored thermo-
graphically [4-15]. Heat dissipation from hysteretic and other
effects led to temperature distributions on the material sur-
face which were related to the stress distributions in the ma-
terial. In this manner, areas most likely to experience sig-

nificant damage in service could quickly be located. These




active tests were conducted using both metéls and composites.
Loading was either by direct fatigue or by vibrational means.

A second mode of thermal testing was also investigated,
but received considerably less attention. This mode can be
called "passive", since the material does not itself produce
the thermal energy, but rather is subjected to heating from an
external source [12, 14]. This mode produces images which are
transient in nature and therefore harder to capture thermo-
graphically. However, the possible advantages of this method
over active testing have led to further interest in the devel-
opment of a viable passive thermal NDE technique. Of primary
importance is the feature that passive testing does not subject
’ the material to stressing, other than that caused by thermal
gradients, which are small. The elimination of any loading
fixtures allows rapid testing of numerous geometries without
time-consuming machine adjustments and also makes in-situ test-
ing possible in some applications.

The thermal image developed during passive thermal NDE
is the result of a complicated combination of material, defect,
and heat source interactions. Usually, the defects to be
located are in-plane defects such as delaminations. In this
case, heat is applied to the back surface of the laminate while
the front surface temperature distribution is observed. The
rate of heat application and the mode of heating (contact or
radiative) are major parameters. The heat must be conducted

from the heated back surface toward the cooler front surface.




Therefore, the conductién heat transfer in the laminate is
very important in the process. This conduction heat transfer
is complicated by the anisotropic nature of the laminate.

The defect, lying between two laminae, serves as a conduction
barrier to the flow of heat. It is this restriction of heat
flow which eventually produces an image on the front surface
of the specimen which implies the presence of the flaw. The
degree of conductive resistance is therefore also an important
parameter.

In order for passive thermal NDE to progress from a
laboratory phenomenon to a useful NDE tool, an understanding
of the interactions outlined above is necessary.

The usefulness of appropriate models in characterizing
the effects of these interactions on the thermal behavior dur-
ing test has been discussed by Trezek and Balk [16] for metallic
systems. This concept was extended to incorporate the effects
of heterogeneity and anisotropy characteristic of composite
systems and a model of passive thermal NDE was developed. The
model was used to perform a parametric study investigating the
effects of the critical parameters on flaw resolution. .The
model, which was experimentally verified, can be used to predict
the behavior of a known flawed laminate under test, or to
characterize the thermal properties of a given type of defect.
The model is equally useful for any method of thermal imaging,
including the two most used methods of liquid crystals and the

scanning infrared camera.




THEORY

The problem to be modeled involves the transient flow
of heat in a laminated composite material heated suddenly on
one surface. The composite is assumed to have an arbitrary
number of plies, each with an arbitrary orientation. Further-
more, it is also desired to include an in-plane defect be-
tween any two plies in the model. The results of the model
are to be in the form of temperature distributions on the front
(unheated) surface of the laminate. Thermal gradients on this
surface are the most important result from the point of view of
NDE, since it is the thermal gradient, and not the temperature
itself, which allows thermography to yield any information at
all in any test. Once the temperature distribution is cal-
culated, obtaining thermal gradients is quite simple.

Due to the complexity of the problem, including the an-
isotropic conduction in the composite, it was determined that
the best approach to the problem would be through a finite

difference solution to the governing differential eguation [17],

2 2 2
o b=k, 224k 2Tk 22 (1)
p ax Y 3y 3z
where p = net material density
Cp = net material specific heat

T = temperature

X,¥,2 = thermal conductivity in x-, y-, and z-directions,
7 r

respectively.




In the finite difference approach, the body is modeled as

an array of nodes, each with an associated volume of material.
The governing equation is written for each node, yielding a
set of algebraic equations to be solved. For transient prob-
lems where initial conditions are known, this solution gives
the nodal temperatures at time t+ At, where At is governed by
the numerical stability of the solution.

Since it is desired to model each ply individually,
only a small portion of the laminate is modeled. The region
selected surrounded the defect projection on the surface.

The use of this small section of the laminate is acceptable if
the defect does not perturb the heat conduction near the edges
of the section, which are assumed to be insulated. It was found
that insulated edge conditions were reasonable for the cases
studied here.

The remaining boundary conditions imposed on the modeled
portion of the material are insulated front and back surfaces.
It was assumed that for the short time intervals (on the order
of 1 sec.) and the relatively small temperature increases of
interest in thermal NDE the errors resulting from neglecting
convective and radiative heat losses would not be significant.
However, for longer intervals and larger temperature increases,
these conditions must be changed. By imposing the insulated
surface conditions, considerable simplifications could be real-
ized in the analysis while retaining acceptable accuracy. The

final condition imposed is that of a uniform initial material




temperature equal to the ambient temperature.

Heat input to the material can be modeled as either
contact or radiative heating. For the case of contact heating,
the back surface temperature is elevated to the heating element
temperature at time t = 0 and held constant thereafter. For
the case of radiative heat input, a heat generation in the back
surface nodes is used to simulate actual radiative input. The
generation starts at time t = 0, and can be maintained for any
desired interval of time. This feature allows for the modeling
of pulse heat inputs, such as might be used with a laser heat
source.

As mentioned above, it is necessary to model each
lamina individually to allow for arbitrary stacking sequences.
Therefore, the thermal properties are first obtained in the
principal material axis system (1,2,3, where 1 = fiber direction,
2,3 = transverse directions) and then resolved to yield effective
properties in the global axis system (x,y,z) of the laminate.
The thermal properties are a function of the properties of each
of the constituents. In the present case, each lamina is con-
sidered a two-component system of fiber and matrix. The density
and specific heat of each lamina is then found using the Rule

of Mixtures:

p = pVe + o (1-V) (2)
C, = CgVg + cm(l-\}f) (3)
where Ve = volume fraction of fiber
() = matrix properties




( )f = fiber properties

Within each ply, the thermal conductivity in the
longitudinal (fiber) direction (kl) and transverse directions

(k2) may be calculated [18]

kl = kaf + km(l—Vf) (4)
. o ke (1+Vo)+k (1-V,) (5)
2 m kf(l—vf)+km(l+vf)
where kf = fiber conductivity
km = matrix conductivity

Knowing these thermal conductivities, the global (x,y,z) con-

ductivities are easily obtained:

k, = [kl cos e[+[k2 sin 8|
ky = [kl sin e]+]k2 cos 6] (6)
kz = k2

where 6§ = fiber orientation angle with respect to the global x-

axis. The properties to be used in the numerical model are
those given in Equations (2), (3), and (6).

DESCRIPTION OF DEFECT

The approach described thus far will suffice for model-
ing an unflawed material, but in the present study an important
part of the model addressed the simulation of a defect. It is
assumed that a défect, either natural or implanted, in the x-y
plane serves as a conduction inhibitor in the z-direction.

Hence, to model the defect, the z-direction thermal conductivity




is reduced between two plies over a portion of the modeled
section. This introduces the concept of the "Defect Conduction
Factor" (DCF), such that

k = DCF - kz ' (7)

2DEFECT
where kz represents the z-conductivity at the defect and

DEFECT
kz is from Equation (6). The DCF usually varies from 0 to 1.00.
For no defect, the DCF = 1.00, while a complete delamination
with no physical contact between the plies displays a DCF close
to 0.

It is possible to characterize the thermal behavior of
defects using only the DCF. Note that since the defects lie
between two plies in this model, the x- and y-conductivities will
be unaffected. For cases of damaged plies, rather than delamina-

tions, the model must be revised.

NODAL EQUATIONS

Using the thermal properties derived and the concept
of the defect conduction factor, it is possible to write the
nodal equations for the finite difference. As an example, the
nodal equation for all internal nodes are given here. Consider-
ing node (i,Jj,k) and letting

T. . ,' = nodal temperature at time t+At

+3
i

nodal temperature at time t

At = time interval.

Then the resulting nodal equation is




\ *x I
T3,k =B Tior, 5,6t i, 5,00 Y& (Ti,5-1,%% T8, 541,%
kz n2 kz n2
i,j,k-1 i,j.k ,
* A (Ty,5,k-1) ¥ a— (Ty,5,k+1) (8)
Ti,4,x 2
- ““*“‘éj' P(kx +k_ ) + n°(k +k, ) -
| *n Yx %i,3,k-1 %i,§,k |
_ 2.2
where A = pCn“dz" /At

n = nodal aspect ratio = dx/dz = dy/dz
dz = nodal thickness = ply thickness.
Note that the x- and y-thermal conductivities, which were given

by Equation (6) are subscribted ( indicating that they have

)k
a different value for each ply. The z-conductivity must be
handled in a different manner since it may change within a given

ply due to the presence of a defect. Hence,

kZ = conductivity at node (i,3j) in ply (k) governing
i,j,k-1
heat flow from ply (k-1) to ply (k).
kz = conductivity at node (i,3j) in ply (k) governing
i,j,k

heat flow from ply (k) to ply (k+1)

At all (i,j,k) not adjacent to the defect,

k =k, . (9)
For defects, kz. . = DCF - k

i, 3,k
Associated with each nodal equation in the finite

difference model is a stability criterion. For the case of
Equation (8), the final bracketed term must not be less than

zero or the 3rd Law of Thermodynamics will be violated [17].




This criterion leads to the selection of a time interval for

the solution

2.2
20k, +k, ) + nz(kz +k_ ) paniz > 0
x Yx i,5,k-1 %i,3,k
< 2.2 2
. AtZpCn®dz /{2(kx +k _ )+n (kz +kz )} (10)
k Yk i,5,k-1 %i,3,k

In a similar manner, nodal egquations such as (8) and
stability criteria such as (10) can be derived for each of the
different kinds of nodes. In this model, six different types
of nodes were used, including interior nodes, top and edge
nodes, side and corner nodes and bottom nodes with heat input
capabilities. The governing time interval is the smallest one
which results from the stability criteria for all nodes. For
a typical laminate of graphite/epoxy, with a single ply thick-
ness of 0.140 mm (0.0055 in.), and thermal properties as given
in Table 1, the governing time interval is 0.008 seconds. To
minimize the total number of equations to be solved in each
case (nodal array size times the number of iterations required
for the total time of interest) array size of 25 x 25 x (number
of plies) was chosen. An illustration of the resulting geometry
for a 5-ply laminate is shown in Figure 1. The defect in this
case is shown located above ply 2.

NUMERICAL SOLUTION

An interactive computer program was written to perform
the simultaneous solutions to the nodal equations. The program

input stage first required the specification of material

10




properties, defect geometry, and laminate stacking sequence.

The thermal pfoperties of two common material systems graphite/
epoxy and fiberglass/epoxy were included internally. The con-
stituent properties used for these systems are shown in Table 1
and a provision for specification of fiber volume fraction was
included. A material system other than that contained internal-
ly could also be specified by the user.

Thermal conditions which were input consisted of the
specification of ambient temperature and the heat input. Two
modes of heat input were modeled; contact heating and radiative
heating. For contact heating, only the back surface temperature
was specified. For radiative heating, the heat input to the
surface and the duration of the input had to be specified.

The defect could be located between any two plies at

the user's discretion. Either a "standard" square defect or a
defect of arbitrary shape could be specified. The defect con-
duction factor (DCF) was specified to define the thermal
behavior of the defect.

Several output options were available from the program.
These included the full upper surface temperature distribution,
a "scan" of surface temperatures along the global x-axis, sur-
face temperature gradients at the defect edge, and through-
thickness temperature distributions. Temperatures at the center
of the back surface were also available for use in model verifica-

tion.
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MODEL VERIFICATION STUDY

In order to verify the accuracy of the finite differ-
ence model prior to its use in a parametric study, specimens of
graphite/epoxy (Gr/E) and fiberglass/epoxy (G/E) were fabri-
cated and tested under radiant heating. The heat source was an
apparatus designed for passive thermal testing using liquid
crystals, which irradiated a surface with heat from a bank of
light bulbs. The enclosure housing the bulbs was designed to
provide a uniform heat input to the surface. The specimens
were 8-ply, quasi-isotropic laminates of AS 3501-6 graphite
prepreg or 1002 E-glass prepreg, both produced using standard
autoclave curing cycles. The laminates were constructed with
no defects (i.e., DCF = 1.0), and their integrity was verified
by ultrasonic C-scan. Temperatures were measured on the front
and back surfaces of the specimens during heating using bond-
able temperature gages (Micro-Measurements ETG-50B) whose re-
sponse was recorded on an x-y recorder using a time base.

The numerical model was run for the tested laminates
with no defects. By trial and error, the intensity of the
radiant heat source was found to be 6941 watts/mz. Using this
heat input and the thermal properties already given in Table 1,
excellent agreement between the model and experimental results
was obtained. A comparison of the results for Gr/E is shown
in Figure 2; that for G/E is shown in FPigure 3. The excellent

agreement between experiment and theory lend credence to the
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model, and give one confidence for ité use in a parametric
study.

It should be noted that the time interval of interest
for passive thermal testing is normally only a few seconds.
During this time, the surface temperature gradients on the
laminate reach their maximum values and hence yield the great-
est resolution in the thermal image. Therefore, only brief
time intervals are of prime importance in this study.

An interesting feature of Figures 2 and 3, which is
predicted by the model, is the thermal lag between the front
and rear surfaces, and the difference in thermal response
between the two material systems. The difference in the two
systems stems from the much greater thermal conductivity of
graphite fibers compared to glass fibers. This gives Gr/E
a much higher transverse effective conductivity than G/E, re-
sulting in a more rapid conduction of heat to the front sur-
face in the graphite laminate.

PARAMETRIC STUDY RESULTS AND DISCUSSION

A parametric study of passive thermal NDE of laminates
was undertaken to investigate the effects of various para-
meters on the expected tﬁermal resolution of internal defects.
As discussed previously, the temperature gradient across the
edge of the defect projection on the viewed surface is of
primary concern in passive thermal NDE. Imaging systems can
be adjusted to any desired temperature level, so the actual

temperatures themselves are only of secondary importance when
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resolution is to bé maximized. Nevertheless, this temperature
level information can be useful in predicting at what levels
the gradient is maximized, allowing one to adjust the imaging
system accordingly.

The effects of many parameters were studied using
the numerical model. Attention here will be given to the ef-
fects of heat input mode and strength, flaw depth, size, and
thermal properties, and material system. The results are pre-
sented in terms of the "edge gradient", which is defined as
the temperature gradient across the edge of the defect projec-—
tion on the upper (viewed) surface. The "peak edge gradient"
is the maximum value of the gradient for the time interval
considered.

The effect of the mode of thermal input on the edge
gradient is shown in Figure 4 for an 8-ply, gquasi-isotropic
laminate. The flaw being considered is a 7.62 mm square de-
fect with a DCF of 0.50, located above ply 4. The DCF of 0.50
corresponds to the theoretical value of the DCF for an implant
of TFE, 0.0025 mm thick, making perfect contact with the plies
above and below it. Such implanted defects were uéed in a re-
lated experimental study. The levels of the temperature rises
and gradients themselves are not critical in this figure, since
they may be altered by changing the intensity of the thermal
inputs. However, the relative behavior of the gradients as a
function of time is important. Particularly, the radiant heat-

ing offers a more gradual decay of the gradient after the peak
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‘'gradient is attained. This in effect allows more time at "high"
gradient compared to contact heating, which affords a greater
chance of obtaining a high-resolution thermal image of the flaw.
This feature of radiant heating, and the difficulty of obtain-
ing a truly uniform heat input from contact heating, make the
use of radiant heating the desirable mode of thermal input for
passive NDE. A possible exception to this argument might occur
if a surface were heated by contact with a warm liquid, pro-
ducingAa uniform heat input. Such might be the case in tests
of composite pressure vessels or tanks.

The effect of the intensity of the radiant heat input
is illustrated in Figure 5. The laminate under consideration
is again Gr/E, of the same configuration as the previous case.
In this instance, it is seen that the peak gradient varies
approximately linearly with heat input to the back surface.
However, as the input increases, the time at high gradient de-
creases. Since the thermal resolution is a function of the
maximum gradient, higher heat inputs are recommended for best
results, but care must be exercised to avoid missing the image
in the brief interval that the gradient is high. The results
of this case were used in the related experimental study when
poor thermal resolution was initially achieved; an increase in
the radiant input intensity recommended from the model resulted
in immediate improvements in resolution.

Thus far, only Gr/E laminates have been discussed in

the parametric study. The observation made concerning thermal
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lag in G/E in the model verification study is also pertinent
here. Figure 6 shows the responses of both Gr/E and G/E
laminates under radiant heating from a 15775 Watt/mz’ Both
laminates were 8-ply with a square defect of 7.62 mm at their
mid-planes. For the same heat input, the two material systems
display marked different thermal behavior. This of course is
expected from comparisons of the thermal properties of the
materials in Table 1. The significance of the results in Fig-
ure 6, however, is that it can be expected that material sys-
tems with lower thermal diffusivity (k/pCp) will yield better
results under thermal NDE than those with higher diffusivities,
such as Gr/E. Moreover, the slower heat transfer in G/E sys-
tems retains high edge gradients for a considerably longer
time than Gr/E, implying that a higher probability of success-
ful flaw detection exists for G/E laminates. Having observed
that G/E systems will yield better NDE results than Gr/E, the
remainder of the study will focus on Gr/E laminates.

The defect conduction factor (DCF) can be used to char-
acterize the thermal behavior of a defect. Recall that the DCF
is actually a measure of the thermal resistance across the flaw;
high values of DCF refer to flaws with little thermal re-
sistance, while a DCF of zero implies a perfect flaw with no
conduction between adjacent laminae. As important as this
factor is, it is most difficult to determine except for cases
of complete delamination. The effect of the DCF on the edge

gradient of a square 7.62 mm defect located above ply 4 in an
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8-ply Gr/E laminate is shown in Figure 7. The temperature
rise indicated is that at the peak gradient. As expected,

the selection of the DCF has a pronounced effect on the gra-
dients. Upon further development of experimental techniques
in thermal NDE of laminates, information such as that pre-
sented in Figure 7 may be used to quantize the behavior of un-
known defects from thermal images, leading to conclusions con-
cerning relative flaw severity. It is also seen from Figure 7
that as the DCF decreases, the sensitivity of the imaging sys-
tem must increase to yield good thermal images.

The effect of defect size on the peak edge gradient
is shown in Figure 8. The material system is again 8-ply Gr/E,
heated by contact. Both the edge gradient and the time to
achieve the peak are influenced by the defect size. For small
defects, minor size differences produce significant gradient
changes. However, for larger sizes greater than about 12.7 mm
the effect of defect size diminishes. Of course, smaller de-
fects yield lower gradients and hence require the use of a
thermal imaging system with higher thermal resolution in order
to display the gradients. This represents a guantization of
the limiting resolution of a given system for flaw detection
through passive thermal NDE.

Finally, the effect of flaw depth on the edge gradient
is shown in Figure 9. The case illustrated is the 7.62 mm
defect in Gr/E. The defect conduction factor is taken to be

0.50. Heat input is radiant. With a DCF of 0.50, the greatest
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peak gradient occurs with the defect three plies below the
surface rather than only one ply below. This is due to the
fact that conduction through the defect is not eliminated in
this case, but only retarded. Therefore, heat flows into the
volume above the defect both through the defect and from
around the defect. Defects deeper than three plies in the

laminate show a decrease in the peak edge gradient. The peak

edge gradients were found to occur at essentially the same
temperature rise, regardless of the flaw depth.

CONCLUSIONS

The sample results shown here are part of a much more
comprehensive study of passive thermal NDE conducted in re-
lation to experimental work using liquid crystals. Most of the
effects pointed out could be seen using the Gr/E and G/E
laminates with implanted flaws. The results of the model, once
verified experimentally as shown, could be used to guide the
experimental study. Other effects, such as that of stacking
sequence in the laminate could be easily studied by using the
model developed.

The final goal of this study is to further the state-
of-the-art of passive thermal NDE of composite laminates. With-
out the use of a model such as that presented here, the success
of actual tests is largely a matter of "art" or perhaps chance.
Using an aécurate model of the process, it is possible to pre-
dict system responses under test conditions and adjust the

thermal imaging system accordingly. Resolution limits can also
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be determined for a given imaging system and material/heat
source combination. Finally, it should be possible with
sufficient experimental data from tests of known defects to
establish defect conduction factors for different types of
defects (inclusions, full delaminations, partial delaminations,
etc.). These results and comparisons with thermal images of
unknown defects will allow the gquantization of defect types and
the determination of their severity. When these aims are
achieved, passive thermal NDE of laminates will become more

science than art and will be a viable NDE tool for industry.
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TABLE 1.~ MATERIAL PROPERTIES USED IN MODEL

PROPERTY GRAPHITE/EPOXY FIBERGLASS/EPOXY
(Units) :

FIBER MATRIX FIBER MATRIX
Density 1.85 1.15 2.50 1.15
(gm/cm3)
Specific 0.75 1.88 0.79 1.88
Heat
(kJ/kg=C)
Thermal 173.07 0.27 10.38 0.16
Conductivity
(Watt/m-C)
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5 -PLY LAMINATE:

) - TOP NODAL GRID
FIBER-ORIENTATION (25x25)

8(1) = 8(5) =0°
8(2) = -45°
8(3) = 90°
8(4) = 45°

dz =.0055" ———

SINGLE PLY
THICKNESS

DEFECT ABOVE
PLY 2

UNDERSIDE HEATED

FIGURE |. TYPICAL LAMINATE GEOMETRY FOR MODEL.
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