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(Received Apn'I 29,1994; infinalform December 7,1994)  

In this study, the mechanical response of hybrid titanium composite laminates (HTCL) was evaluated 
at room and elevated temperatures. Also, the use of an elastic-plastic laminate analysis program for 
predicting the tensile response from constituent properties was verified. The improvement in mechanical 
properties achieved by the laminates was assessed by comparing the results of static strength and constant 
amplitude fatigue tests with those for monolithic titanium sheet. Two HTCL were fabricated with different 
fiber volume fractions, resin layer thicknesses and resins. One panel was thicker and was poorly bonded in 
comparison with the other. Consequently, the former had a lower tensile strength, while fewer cracks grew in 
this panel and at a slower rate. Both panels showed an improvement in fatigue life of almost two orders of 
magnitude. The model predictions were also in good agreement with the experimental results for both HTCL 
panels. 

KEY WORDS Adhesive bonding; graphite fibers; isqthermal fatigue; laminated titanium; crack growth. 

INTRODUCTION 

Both military and commercial aircraft are being designed to fly faster and to last longer 
than ever before. This requires structural materials that are capable of operating for 
long times (> 10,OOO hours) at higher temperatures, yet exhibiting improved fatigue 
and damage tolerance properties. One material system that merits attention is a hybrid 
titanium and polymeric matrix composite laminate. In the mid 1960's Kaufman' 
showed that the fracture toughness of adhesively-laminated aluminum plies was 
improved in comparison with that of an equivalent monolithic plate due to the 
individual plies failing in a plane stress state. In the mid 70's Johnson and  colleague^^.^ 
showed that significant improvements in fatigue and crack growth resistance could also 
be realized by adhesively-laminating thin aluminum plies together. In the early 80's 
Johnson extended this work to show that adhesively-laminated titanium plies 
improved fracture toughness by almost 40%, increased fatigue life by an order of 
magnitude, and slowed down though-the-thickness crack growth rates by 20%.4 In the 

* One of a Collection of papers honoring James P. Wightman, who received the 13th Adhesive and Sealant 
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224 J. L. MILLER el al. 

mid 80's researchers at Delft University and Alcoa developed ARALL (Aramid 
Reinforced Aluminum Laminates) where not only were thin plies of aluminum 
adhesively-laminated together, but aramid fibers were also included in the b ~ n d l i n e . ~ . ~  
The inclusion of the fibers offered even more improvement in mechanical behavior of 
the laminate, primarily due to reductions in crack growth rates resulting from a 
fiber-bridging phenomenon. Some of the ARALL laminates were even prestrained so 
that the aluminum plies were in a state of residual compression, further improving 
fatigue properties. Similar improvements have been offered by GLARE laminates' that 
areessentially the same concept, but glass fibers replace the aramid. Thus, the history of 
laminated metals has shown definite mechanical advantages that can translate to 
weight savings. These laminated aluminum parts are now flying on several commercial 
and military aircraft. 

This preliminary study will build upon past experience and apply the 
laminatedfiybrid technology to metals and adhesives capable of extended use at 
temperatures up to 200°C, in hopes of demonstrating that these systems will be useful in 
high-speed aircraft. Two unidirectional hybrid titanium composite laminates (HTCL) 
were made with different fiber volume fractions, resin layer thickness and resins. From 
the limited supply of material, the HTCL were tested statically to failure and cyclically 
in fatigue. The results were compared with each other and with a similar thickness piece 
of monolithic titanium to assess lamination effects. A laminate analysis code was used 
to predict the hybrid laminate response based upon constituent property input and to 
verify its applicability to model the mechanical response of this type of material system. 

MATERIALS 

The HTCL were fabricated as 7.6cm x 17.8cm panels with Ti-6A1-4V alloy for the 
metal portion of the laminated panel. Prior to laminating, the titanium alloy was given 
the following Pasa-Jell 107* surface treatment: 

1. Washed with acetone. 
2. (Panel 1) Abraded surface with 150 grit sandpaper. 

(Panel 2) Gritblasted with 120 aluminum oxide grit. 
3. Washed with methyl alcohol. 
4. Brushed Pasa-Jell 107 on surfaces, let set for 10 min. 
5. Repeated4. 
6. Washed with hot running tap water, then cold tap water. 
7. Placed in ultrasonic dimineralized water bath for 15 min. 
8. Removed and air dried in laboratory hood for 10 min. 
9. Dried in forced-air oven at 100°C for 10 min. 

10. Primed within two hours of treatment. 

Two HTCL were prepared using two different polyimide adhesive materials that 
exhibit excellent potential for long term use up to 200°C.* The prepreg (adhesive tape) 

Trade name for titanium surface treatment available from Semco, Glendale, CA, USA. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
3
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



HYBRID TITANIUM COMPOSITE LAMINATES 225 

was made in-house (Polymeric Materials Branch) on a multipurpose prepregging 
machine. 

Panel 1 was prepared using LARCTM-IA 4 mole% offset [8 mole% phthalic 
anhydride (PA) end cap] in N-methyl-2-pyrrolidone (NMP)* and IM7 graphite fibers 
as a unidirectional powder-coated prepreg, approximately 0.33 mm thick. The 
LARCTM-IA was obtained from Imitec. The primer, which was prepared in-house, was 
applied to the titanium as a 10.6 wt. % LARCTM-IA 3 mole YO offset (6 mole % PA) amic 
acid solution in gamma-butyrolactone. The solution was brushed on the titanium and 
staged in a forced-air oven for 15 min each at 50", 100" and 225°C. 

Panel 2 was prepared with LARCTM-IAX [a version of LARCm-IA in which 
the backbone was modified slightly with 10 mole% of a more rigid diamine, 
p-phenylenediamine, to improve solvent resistance] amic acid (again a 4 mole YO offset 
as with LARCTM-IA), 30 wt. % solids solution in NMP with a viscosity of 30,4OOcp and 
IM7 fibers solution-coated as a unidirectional prepreg approximately 0.18 mm thick. 
The titanium sheets were primed with a 7.5 wt. % solution of LARCTM-IAX in NMP 
and air dried for one hour after which they were placed in a forced-air oven and heated 
for one hour each at 150" and 230°C. 

MANUFACTURING AND PROCESSING 

The laminate assembly was arranged in an open-ended, matcheddie mold by alternat- 
ing six layers of titanium sheets with five layers of adhesive tape. TX1040 release cloth 
was placed on the bottom and top of the laminate assembly to prevent the laminate 
from sticking to the mold. The mold had previously been coated with a mold-release 
agent. A hydraulic press with 30.5 cm x 30.5 cm heated platens and load cell was used 
to process the laminates. The processing parameters utilized were determined from 
past experience working with polyimide adhesives. 

The initial attempt to process Panel 1, under 0.10 MPa at 343°C for one hour, did not 
appear to provide adequate flow in the adhesive, as indicated by the lack of any excess 
adhesive polymer outside the laminate and by the thickness of the laminate. Therefore, 
the laminate was further processed at a pressure of 13.8 MPaat 371 "C for one hour. The 
average adhesive thickness per layer was determined to be 0.28 mm. 

Panel 2 was processed slightly differently from Panel 1. The laminate assembly was 
arranged in the bottom part of the die mold, placed in a forced-air oven without the top 
part of the die mold, then staged to remove some of the volatiles prior to the bonding 
procedure. The laminate assembly was heated for one hour each at  150", 175" and 
230°C. The laminate assembly with the top part of the die mold was then placed in the 
press where a pressure of 13.8 MPa was applied while heating the assembly to 350°C in 
approximately one hour. The pressure and temperature were then held for one hour. 
The average adhesive thickness for Panel 2 was 0.12mm. Schematic diagrams indica- 
ting the thickness variations are shown in Figure 1. 

The use of trade names in this paper does not constitute endorsement, either expressed or implied, by the 
National Aeronautics and Space Administration. 
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FIGURE 1 Schematic diagram of titanium hybrid composite laminates displaying thickness variations. 
All dimensions in mm. 

ANALYTICAL METHODS 

The AGLPLY code,' developed originally to analyze metal-matrix composites, was 
used to evaluate its potential for predicting the HTCL's response based on constituent 
input. The program performs an elastic-plastic analysis of symmetric composite 
laminated plates under in-plane mechanical loads. The lamina properties are cal- 
culated via the vanishing fiber diameter (VFD) model which assumes a rule of mixtures 
contribution of the fiber to the modulus in the longitudinal direction while offering no 
transverse constraint by the fiber.' AGLPLY computes the overall laminate elastic 
moduli'and the local fiber and matrix stresses and strains in each ply, as well as the 
overall laminate strains for the entire elastic-plastic loading regime. This program has 
proven successful in predicting the mechanical response of metal-matrix composites in 
numerous studies."-" Table I displays the constituent properties used to predict the 
composite properties. 

EXPERIMENTAL PROCEDURE 

Tests were conducted on both monolithic Ti-6A1-4V and the two HTCL. From the 
limited supply of material manufactured, six HTCL specimens were fabricated, three 
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HYBRID TITANIUM COMPOSITE LAMINATES 227 

from each panel. One specimen from each panel was tested statically to failure to 
examine the tensile behavior and two were tested cyclically in fatigue, one at room 
temperature and the other at 177°C. To assure a valid comparison between the 
monolithic material and the titanium in the HTCL, Rockwell A hardness tests (RHA) 
were conducted on both materials. Since the lamination process involves elevated 
temperatures, it was of interest to determine whether the titanium was affected by this 
processing.The titanium laminae and the monolithicsheet were both 68 RHA thus it is 
assumed that the titanium laminae are the same as the monolithic material, only 
varying in thickness. 

The fiber volume fraction in the adhesive layers were determined by the digital image 
analysis of polished (2.5 pm finish) cross sections using an image processing system. A 
series of digital image scans were made over the adhesive layers and the average volume 
fraction of fibers was determined from the area fraction of the fibers measured in each 
scan. Twenty scans were made for Panel 1 and ten scans were made for Panel 2. Greater 
variations in fiber distribution in Panel 1 necessitated more scans. 

The room temperature tensile response was evaluated using 19mm wide straight- 
sided specimens. The specimens were tested to failure in laboratory air at a loading rate 
of 150 N/sec on a 250 kN servo-hydraulic test frame, equipped with hydraulic grips; the 
applied gripping pressure was 14 MPa. Axial strain was measured on the surface of the 
specimen using a strain gage extensometer with a 25 mm gage section. Results were 
recorded on an X-Y plotter. 

Constant amplitude fatigue tests were conducted on straight-sided specimens, 
19 mm wide (W), containing a 6.4 mm diameter (d) center hole, resulting in d/W = 0.33. 
The holes in the monolithic titanium were produced by electronic discharge machining, 
while the HTCL were drilled. The interior of the holes in both materials had the same 
smooth surface finish. The surfaces of the specimens were polished along the gage 
section to a 3 pm finish. All tests were conducted on a 250 kN servo-hydraulic test frame 
at a cyclic frequency of 10Hz and an R = 0.1. The HTCL were evaluated for their 
fatigue resistance by applying equivalent load-to-weight-ratios as compared with the 
monolithic material. The densities of the materials were 2.9,3.4 and 4.4 g/cc for Panel 1, 
Panel 2 and the monolithic sheet, respectively. Variations in the thickness of the 
adhesive layers resulted in differing laminate densities. The resulting applied loads for 

TABLE I 
Constituent material properties of titanium hybrid composite 

Ti-6AI-4V" 

Yield Strength 827.4 MPa 
Ultimate Strength 1068.7 MPa 
Longitudinal Modulus 118.6GPA 
Transverse Modulus - 
Shear Modulus 45.62GPa 
YO Elongation 5.8 
Poisson's Ratio 0.33 

LARP-IA~ IM7 

71.7MPa N/A 
121.9 MPa 5310.0 MPaC 
3.34GPa 275.8 GPa 

13.79 GPa 
1.26GPa 200.0GPa 

6.0 1.8' 
0.33 0.25 

- 

data from the current study 
data from Reference 8 
' data from manufacturer 
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228 J. L. MILLER et al. 

the laminates were 0.67 and 0.78 times the applied load in the monolithic material. 
Elevated temperature fatigue tests were performed at 177°C in a convection oven 
mounted on the test stand. A K-type thermocouple positioned on the surface of the 
specimen, away from the hole, indicated the test temperature. 

Crack growth measurements were made during the room temperature testing by 
replicating the cracked region near the hole with an acetate film. A mirror image of the 
crack is created in the film which can then be examined microscopically and measured. 
Both the front and back surfaces of the specimen were replicated. This technique was 
not applicable for the elevated temperature tests. During these tests, crack lengths were 
measured with a long focal length microscope and video imaging system by viewing the 
specimen surface through a window in the oven. Thus, crack measurements were made 
on the front surface only for the elevated temperature tests. 

RESULTS AND DISCUSSION 

Average fiber volume fractions were determined for each panel. Panel 1, the thicker 
laminate, had 44.0 & 8.6% fibers while Panel 2 had 63.8 & 5.0% fibers in the adhesive 
layers. Optical micrographs of the polished cross sections (Figure 2) show significant 
variations in the fiber distribution in the two laminates: the fibers were much more 
uniformly distributed throughout the adhesive layers in Panel 2, whereas many resin- 
rich areas existed in Panel 1. This non-uniformity contributes to the larger variation in 
the measured average volume fraction for Panel 1. 

The results of room temperature tension tests on the monolithic titanium and the 
HTCL are shown in Figure 3. Due to the limited supply of HTCL, elevated tempera- 
ture tensile response was not evaluated. Panel 1 performed poorly in tension, failing at a 
lower strain than the monolithic titanium and showing no improvement in elastic 
modulus. Panel 2 showed a significant improvement in tensile strength, approximately 
doubling the strength of the titanium alone, as well as an improved elastic modulus. 
The fracture modes of the two HTCL varied greatly as well (Figure 4). Panel 1 suffered 
severe delamination during the test, a result of the poor bonding between the adhesive 
and the titanium layers. In Panel 2, the titanium plies showed more plastic deformation 
and the amount of delamination was less. In Panel 1 the delaminations and fractured 
plies extended throughout the gage length of the specimen, while in Panel 2, the damage 
was more localized. 

The elastic-plastic laminate analysis model AGLPLY was used to predict the 
stress-strain response of the various materials used in this study. Prior to applying the 
model to the HTCL, the applicability of the model to predict behavior of the individual 
lamina was verified. Figure 5 displays the model predictions bounding the experimen- 
tal data” for the tensile response of the IM7/LARCTM-IA polymer composite over the 
applicable range of fiber volume fractions for the composites tested. For the HTCL the 
predictions over the range of measured fiber volume fractions are compared directly 
with the experimental data for Panels 1 and 2, in Figures 6 and 7, respectively. Overall 
the predictions were in good agreement with the experimental results. For both panels, 
the prediction using the lowest fiber volume fraction gives the best representation of the 
experimental results in each case: both the elastic modulus and the tensile strength are 
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in excellent agreement, while yielding in the titanium plies occurs as indicated by the 
change in slope, at approximately 820 and 900 MPa laminate stress for Panel 1 and 
Panel 2, respectively. Figure 8 compares the experimental results to the AGLPLY 
predictions for the monolithic titanium and the HTCL. The shape of the prediction 
curves closely resembles the experimental results, with the change in slope representing 
the yielding that occurs when the stress in the titanium reaches 820 MPa. The 
predictions also predict the elastic moduli fairly well as shown in Figure 8. 

Results of the constant amplitude fatigue tests on center hole specimens of the 
monolithic titanium and the HTCL are shown in Figure9. For the monolithic 
titanium, increasing the temperature reduces the overall fatigue life of the titanium. For 
the HTCL, all the specimens tested both at room and at elevated temperature were able 
to withstand lo6 cycles without fracturing the laminate completely. However, the 
panels were tested at an equivalent load-to-weight ratio which results in different 
applied stresses for the individual panels due to differences in thickness and density. 
Figure 10 shows the results in terms of the equivalent load-to-weight ratio tested. The 
HTCL panels showed a marked improvement in fatigue life of almost two orders of 
magnitude at both room and elevated temperatures. Further comparing the results on 
the basis of equivalent stress-to-weight ratios, as shown in Figure 11, illustrates the 
benefit of the lower density of the HTCL: the thinner, lighter-weight Panel 2 has a 
greater stress per unit weight than the monolithic titanium, yet it has a longer fatigue 
life. Similar results are shown for Panel 1. 

Crack propagation was monitored on all HTCL specimens. Cracks initiated at the 
hole, growing through the exterior titanium plies and then linking with the interior 
plies. Figure 12 shows the edge replicas of a specimen from Panel 2, taken at different 

- - - - _  Panel 1 113.1 GPa - 
-__. Panel 2 139.3 GPa - 

1 1 , 1 1 1 1 1 1 1 1 1 1 1 1  
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FIGURE 5 AGLPLY predictions for the stress-strain response of IM7/LARCTM-IA 4% offset, at various 
fiber volume fractions, compared with experimental resultsi6. 
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FIGURE6 AGLPLY predictions for the stress-strain response of Panel 1, at various fiber volume 
fractions, compared with experimental results. 
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FIGURE7 AGLPLY predictions for the stress-strain response of Panel 2, at various fibcr volume 
fractions, compared with experimental results 
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FIGURE 8 Comparison of experimental results with AGLPLY predictions for the stress-strain response 
of monolithic Ti-6AI4V and hybrid titanium composite laminates (HTCL). The lowest fibcr volume 
fractions were used for HTCL predictions. 
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FIGURE 9 Applied stress uersus number of cycles to failure for monolithic Ti-6A1-4V and hybrid titanium 
composite laminates at room and elevated temperature. 
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FIGURE 10 had-to-weight ratio wrsus number of cycles to failure for monolithic Ti-6A1-4V and hybrid 
titanium composite laminates at room and elevated temperature. 
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FIGURE I I 
titanium composite laminates at room and elevated temperature. 

Stress-to-weight ratio versus number of cycles to failure for monolithic Ti-6AI-4V and hybrid 

FIGURE 12 Edge replicas displaying crack progression through titanium plies in Panel 2. 
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stages during the test, illustrating this pattern. Cracks had propagated through all the 
titanium plies at 890,000 cycles, yet the specimen remained whole and continued to 
carry load until the test was stopped at a million cycles. Once the titanium was 
completely cracked, the fibers carried all the load. The stress in the fibers (based on the 
average volume fraction) with only the fibers carrying load, was calculated to be 
445 MPa for Panel 1 and 495 MPa for Panel 2. These fiber stresses are much less than 
the fiber ultimate strength (5310MPa) and, therefore, the fibers would continue to 
carry the applied load indefinitely without fracturing. If the same loads were applied to 
the monolithic titanium, failure would be expected since these stresses are greater than 
the endurance limit of the alloy (138 MPa) as shown in Figure 9. 

Typically in metallic materials, the crack propagation rate increases with crack 
growth exponentially. For laminated sheets, the crack growth is faster initially, but 
slows as the crack encounters the interfaces between layers, yielding on overall longer 
fatigue life, as shown by J ~ h n s o n . ~  However, for the HTCL tested in this study, the 
crack growth rate remains constant, as indicated by the linear curves in Figures 13-15. 
Since crack growth was not monitored in the monolithic titanium, predictions were 
made using FASTRAN-11, a fatigue crack growth structural analysis program.I4 This 
program has been used extensively to predict fatigue crack growth from available crack 
growth data on specific alloys. An assumed initial crack size of 1 mm was used for these 
predictions to illustrate the extent of the reduction in the crack growth rate in the 
HTCL as compared with monolithic titanium. These results are also shown in 

FASTRAN -ti Prediction Width ~ 

for Monolithic 
Ti-6AI-4V 

Fracture 
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4 -BackRight 

130 M P a  
Applied 
Stress 

W119.0 mm 
dS.35 mm 
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Number of Cycles, XlOoO 

FIGURE 13 Crack length uersus number of cycles for Panel 1 tested at room temperature, compared with 
FASTRAN-I1 prediction for monolithic Ti-6Al-4V. The straight lines through the data arc curve fits. As 
indicated by the legend, cracks propagated from various locations. The location of crack is given as seen 
when viewing the front of the specimen. 
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FIGURE 14 Crack length uerw number of cycks for Panel 2 tested at room temperature, compared with 
FASTRAN-I1 prediction for monolithic Ti-6AI4V. The straight lines through the data arc curve fits. As 
indicated by the kgmd, cracks propagated from various locations. The location of crack is given as seen 
when viewing the front of the specimen. 
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FIGURE 15 Crack length uerw number of cycles for Panel 2 tested at ekvated temperature. The straight 
lines through the data are c u m  fits. As indicated by the legend, cracks propagated from various locations. 
The location of crack is given as sccn when viewing the front of the spbcimen. 
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Figures 13 and 14. The predictions indicate an increasing rate rather than the constant 
rate of growth shown by the HTCL. The reduced crack growth in the HTCL is 
attributed to fiber bridging, where the fibers in the adhesive layers act to bridge the gap 
across the cracks in the titanium. The result is a reduced stress intensity at the crack tip 
and slower crack growth in the HTCL than in the monolithic material. The pheno- 
menon of fiber bridging is active in composite material systems' '-16 and contributes to 
the improved damage tolerance of these materials. 

Cracks propagated significantly faster in Panel 2 than in Panel 1, both at room and 
at elevated temperature (Figure 15). (No crack initiated in Panel 1 at elevated 
temperature up to run-out at one million cycles). Cracks propagated at much slower 
rates in both HTCL than predicted for the monolithic material. Crack growth rates for 
the two laminates were calculated for each individual crack, as shown in Table 11. In the 
monolithic titanium, the predicted crack growth rate varies greatly, depending on the 
length of the crack. For the monolithic titanium at an applied stress 130 MPa (same as 
in Panel l), to extend a 1 mm crack to 1.5 mm, a 3 mm to 3.5 mm, and a 5 mm to 5.5 mm, 
the crack growth rates would be 9.72E-5 mm/cycle, 3.29E-4mm/cycle and 3.91E- 
3 mm/cycle, respectively. In Panel 1, the highest rate is 1.67E-5 mm/cycle, over 200 
times slower than the growth in the monolithic titanium at a crack length of 5mm. 
Similarly, for monolithic material at an applied stress 21 1 MPa (same as in Panel 2), to 
extend a crack from 4.5mm to 5mm the average crack growth rate would be 
1.62E-2 mm/cycle whereas, in Panel 2, the highest crack growth rate was 9.80E- 
5mm/cycle, over 150 times slower. In addition, the predictions indicate that in the 
monolithic material crack growth becomes unstable, and rapid fracture ensues, at 
crack lengths greater than 5 mm. 

The poor bonding of Panel 1 may have reduced the amount of load transfer from the 
fibers in the adhesive plies to the titanium plies. Therefore, a weaker bond may allow 
the fibers to be the dominant load carrying component. In fatigue, a weak bond is an 
advantage, but a compromise is made in ultimate strength, as is evident by the behavior 
of Panel 1 (weak bond) and Panel 2 (strong bond). Further investigation of the adhesive 
bond strength would be necessary to determine the requirements for optimal load 
transfer during fatigue without the loss of laminate strength. 

TABLE 11 
Crack growth rates calculated for various crack locations in titanium hybrid laminates 

Panel 
ID 

Applied Stress 
MPa 

130 
130 
21 1 
211 
21 1 
21 1 
208 
208 

Temperature 
"C 

25 
25 
25 
25 
25 
25 

177 
177 

Location of Crack' 

Front-Left 
Back-Right 
Back-Right 
Front-Right 
Front-Left 
Back-Left 
Front-Left 

Front-Right 

Crack Growth Rate 
mm/c ycle 

1.678-5 
1.37E-5 
6.84E-5 
9.80E-5 
4.308-5 
6.01E-5 
8.25E-5 
1.60E-4 

Location assumes viewing from the front. 
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coNcLusloNs 

This investigation evaluated the tensile response and the fatigue resistance of HTCL at 
room temperature. The effect of elevated temperature on fatigue resistance was also 
examined. The laminate analysis code AGLPLY was used to predict the HTCL 
response based upon constituent property input. Results of these tests were compared 
with those for monolithic titanium sheets to assess the improvement in mechanical 
behavior attained by the HTCL. Two laminates were fabricated from different resins 
and of differing fiber volume fractions and resin layer thicknesses, then tested statically 
in tension and under constant amplitude fatigue loading. The crack growth was 
monitored and recorded via acetate film replication. 

Based on the results of this preliminary study it appears that the quality of the 
adhesive bond can greatly influence the mechanical properties achievable through 
lamination. A strong bond allows load transfer between the plies without delamination 
occurring, producing a higher strength material, as in the case of Panel 2. However, if 
fatigue resistance is the major concern, a weaker bond, as in Panel 1, reduces the 
amount of load transfer, allowing the fiber strength to dominate. Both HTCL have 
longer fatigue lives than the monolithic titanium, lasting over a million cycles at both 
room and elevated temperatures, at applied stresses of 130 MPa and 21 1 MPa for Panel 
1 and Panel 2, respectively. Cracking in the titanium plies did occur, but the specimens 
did not fracture. Fiber bridging was assumed to dominate the crack growth process. 
Once all the titanium plies were fractured, the fibers continued to carry the applied 
load. The elastic-plastic laminate analysis model AGLPLY was shown to predict the 
laminates’ tensile response fairly accurately, verifying its applicability to modeling the 
mechanical response of these HTCL. From the small amount of material available for 
testing, the results seem to indicate that the HTCL can provide a stronger, stiffer and 
more damage-tolerant alternative to monolithic materials for higher temperatures 
while adding a reduction in weight, properties necessary for applications to future 
high-speed aircraft. 
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