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ABSTRACT

Woven carbon fibers of 50, 55, 60 weight percentage were reinforced with epoxy matrix
to prepare the laminated composites. These were exposed to liquid nitrogen temperature
and mechanical tests were carried out at a range of 2 to 500 mm/min crosshead speeds.
The main emphasis of the investigation was to evaluate the role of percentage matrix
phase and interfacial areas on tensile and interlaminar shear failure mechanism of
carbon/epoxy composites at cryogenic temperature for different loading rates. The
mechanical performance of the laminated composites at cryogenic temperature compared
with room temperature property. The woven carbon/epoxy laminates were found to be
loading rate sensitive. An improvement in tensile strength and reduction in ILSS was
reported after cryogenic conditioning of the carbon/epoxy laminates. Microstructral
analysis was done to show low temperature damage mechanisms. The phenomenon may



be attributed to cryogenic hardening, matrix crackings, carbon fiber and epoxy (matrix)
contraction, anisotropic nature of carbon fibers and stress relaxation after cryogenic
conditioning.
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INTRODUCTION

Carbon fiber is the most expensive of the more common reinforcements, but in space
applications [1] the combination of excellent performance characteristics coupled with
light weight make it indispensable reinforcement with cost being of secondary
importance. Cryogenic liquid fuel is preferred to solid fuel of propellants of launch
vehicles and rockets in aerospace applications because of their high specific impulse; the
low calorific energy to volume ratio of the cryogenic liquid fuels makes the pressurized
tanks large and heavy when made up of metallic materials. So now PMCs are contenders
for use in reusable launch vehicle components. Mostly such components are cryogenic
fuel tanks, cryogenic fuel delivery lines, and parts of the cryogenic side of turbo-pumps
which are made up of carbon/polymer composites [2]. Carbon/polymer composites are
used in aerospace industry on account of their high specific stiffness and strength which
are higher than the metallic materials. The behavior of a composite to change in
temperature is for two main reasons. Firstly the matrix response to an applied load is
temperature dependent and secondly, change in temperature can cause internal stresses to
be set up as a result of differential thermal contraction and expansion of the two

constituents [3]. These stresses affect the thermal expansivity i.e. the expansion



coefficient of the composite. Potholing or localized surface degradation, delamination,
and micro cracking are some of the more dramatic phenomena that can occur as a result
of cryogenic cycling [4]. Increased thermal stresses are the underlying cause of micro
cracking in composites at cryogenic temperatures [5]. As the laminate temperature falls
below its stress-free temperature, residual stresses develop in the material. These stresses
are the result of a difference in the linear coefficient of thermal expansion (CTE) between
the fibers and the matrix [6, 7]. The generated residual stresses influence the overall
thermo-mechanical properties of the composite. In some cases, the resulting stresses are
sufficient to initiate plastic deformation within the matrix immediately around the fiber.
Therefore, it is important to determine the current state of the residual stresses and their
effects on the behavior of the composite when subsequently subjected to various uniaxial
and multiaxial mechanical loading [8, 9]. The stresses can also be large enough to initiate
material damage such as matrix micro cracking. These micro cracks can reduce the
strength of the material, as well as act as sites for environmental degradation and
nucleation of macro cracks [10]. At low temperature the polymer matrices become brittle
and do not allow relaxation of residual stresses or stress concentrations to take place. Till
now very few investigations were done to evaluate the mechanical performance of
carbon/polymer composites at low temperature.

The carbon fibers exhibit anisotropic behavior [11], unlike glass fibers, which shows
negative coefficient of thermal expansion in fiber direction and a large positive one
perpendicular to it (transverse direction). The basal planes of graphite are aligned parallel
to the fiber axis and the atoms in these planes are held together by strong covalent bonds.

These aligned graphitized basal planes were bind together by weak Van der Waals forces.



Hence, their transverse mechanical stiffness is weak and depends on temperature. High
stiffness or strength exists only in the fiber direction. In a perpendicular direction, the
fibers are rather brittle. Most anisotropic fibers are more brittle and have a lower fracture

strain than isotropic ones [12].

EXPERIMENTAL

Woven carbon fibers ( T-300) of epoxy compatible sizing (PAN based high strength
carbon fibre, M/S CARR Reinforcement Ltd., UK) were used with Araldite LY-556, an
unmodified epoxy resin based on Bisphenol-A and hardener (Ciba-Geigy, India) HY-951,
aliphatic primary amine to fabricate the laminated composites. Three weight percentages
of carbon fibers (50, 55 and 60 wt %) were targeted to prepare the composites. They were
cured for 48 hours at room temperature and were cut into tensile test and short beam
shear (SBS) test specimens by diamond cutter. The cut laminates were dried at a 50 °C
temperature in oven for a sufficient time unless the variation of weight change was
almost negligible. The tensile and SBS 3-point bend tests were conducted to determine
the tensile strength and interlaminar shear strength (ILSS) of composites. The moisture
free carbon/epoxy composite specimens were exposed to liquid nitrogen environment
(77K) for one hour. After the exposure one batch of samples were taken out and kept at
room temperature for one hour. Another batch of samples was tested in tensile test and 3-
point bend test at cryogenic temperature. The untreated as-cured composite specimens
were tested in tensile test and the former specimens after exposure to room temperature

and untreated specimens were tested in 3-point bend test at room temperature. All the



mechanical flexural tests were performed at a range of 2 to 500 mm/min crosshead
speeds. The tensile strength was measured as fallow,
UTS = Prax/A

Where, ‘P’ 1s the maximum load, ‘A’ is original cross sectional area.

The interlaminar shear strength (ILSS) was measured as follows,
ILSS = 0.75p/bt
Where,
‘p’ is the breaking load, ‘b’ the width, and ‘t’ the thickness of the specimen.
An Instronl195 tensile testing machine was used to perform tensile and SBS tests in
accordance with ASTM D3039 and ASTM D2344-84 standards. Multiple samples were

tested at each point of experiment and the average value was reported.

RESULTS AND DISCUSSIONS

It is known that the unidirectional carbon fiber composites are relatively strain rate
independent when loaded in fiber direction due to rate insensitivity of the carbon fibers
and also the tensile strength predominantly depends on the strength of the fibers [13] and
shear properties are influenced by the matrix (polymer) [14]. But for woven carbon fiber
composites the fiber/matrix interactions are more that leads to strain rate dependence of
the laminate (epoxy matrix is highly strain rate sensitive [15]) and some influence of

matrix and the interface on tensile properties. Figure 1 shows the tensile response of



cryogenically treated specimens and untreated specimens for different fiber weight
fraction at crosshead speeds of 2 mm/min, 200 mm/min and 500 mm/min. From the
charts it is clear that the cryogenically conditioned specimens have higher values of
tensile strength for 0.5 and 0.55 fiber weight fractions and lower value for 0.6 fiber
weight fraction as compared to untreated samples except for the crosshead speed of 500
mm/min. Improved tensile strength of laminates may be due to contribution of increased
stiffness for both carbon fibers and epoxy matrix after cryogenic conditioning. The
matrix hardens after contraction at cryogenic temperature and develops high strength
[16]. This contraction of the matrix is resisted by stiff fibers through fiber/matrix
interfacial bonding that originates residual stresses. Thus, for composites of 0.6 fiber
weight fraction lower strength at cryogenic temperature was seen due to the presence of
more interfaces leading to the generation of large amount of residual stresses which are
difficult to accommodate in the strong interface. It results in interfacial microscopic
cracks, which transforms to macroscopic level by coalesce, and debonding phenomena to
release the developed stresses. The anisotropic property of carbon fibers may enhance the
amount of debondings at interface. Figure 2 shows the effect of crosshead speed on the
tensile behavior of carbon/epoxy composites of different weight fractions for both
cryogenically conditioned and untreated samples. Overall the tensile strength values
decreases with increase in crosshead speeds for both the cases. The sensitivity of the
laminate to strain rate is dependent on the resin behavior. Lower strength at higher speed
may be due ineffective load transfer through the interface by the matrix leading to greater
amount of matrix crackings. It is reported that [17] an optimum time is required for

proper load transfer through interface from matrix. In addition, higher crosshead speed



restricts the relaxation process at the crack tip and results in the growth of the cracks
without blunting. For cryogenically conditioned samples the ductility of the matrix
becomes the limiting factor at high loading rates and more severely effected than the
untreated samples. The matrix contracts when temperature decreases due to which
internal stresses are generated in the matrix. Destruction of the matrix is induced when
the thermal stress exceeds the strength of the resin. The epoxy contraction at cryogenic
temperature can be minimized by modifying the three dimensional molecular structure
with two dimensional polymer or by adding the two dimensional polymers [18]. Figure 3
shows effect of crosshead speed on ILSS values for 0.6, 0.55 and 0.5 fiber weight
fractions. From the graphs it is evident that specimens tested at cryogenic temperature
shows lower ILSS values than the untreated laminates. The cryogenic conditioning
causes matrix hardening due to contraction leading to stone like structure in which
disentanglement is almost absent. Here the anisotropic behavior of carbon fibers plays a
critical role. The research [19] shows that the glass/epoxy composites at liquid nitrogen
temperature show higher ILSS values than at room temperature. This is due to generation
of compressive residual stresses at the interface by differential contraction of glass fiber
and epoxy matrix at cryogenic temperature. This enhances the bonding at the interface by
mechanical keying principle. The glass fiber is isotropic in nature, unlike carbon fibers.
Carbon fibers show negative coefficient of thermal expansion in fiber direction and large
positive one in transverse direction [20]. Hence, at cryogenic temperature the carbon
fibers contracts in transverse direction i.e. in radial direction and expands in longitudinal
direction simultaneously with the contraction of epoxy matrix in all directions. This

inhibits bonding by mechanical keying principle and results in weaker interfacial bond



between the carbon fiber and epoxy matrix. Thus, lower ILSS values were reflected at
cryogenic temperature. The graphs (figure 3) also shows that the specimens tested at
room temperature after one hour cryogenic exposure have higher ILSS values than
specimens tested at cryogenic temperature and lower values than ambient temperature.
This proves existence of stress relaxation phenomena i.e. the stresses generated due
differential contraction of epoxy matrix and fibers at cryogenic temperature are relaxed
by spatial rearrangement of molecules when exposed to room temperature after cryogenic
conditioning. This relaxation results in reversion of some mechanical properties such as
ILSS in the present case but not completely. All the graphs indicate increase in ILSS
values upto 50 mm/min and decreases there after. Lower ILSS values at low speed may
due to high failure strain at low strain rates which increases with increase in speed. As
above, at higher crosshead speeds the matrix is unable to transfer load properly due to
less availability of time i.e. it is like an impact and crack propagates without blunting
phenomena at the crack tip [21, 22].

Examination of fracture surfaces of cryogenically conditioned samples revealed many
low temperature damage mechanisms. Figure 4 compares SEM micrographs of both
untreated and cryogenically conditioned samples. It shows contraction of carbon fiber
and matrix that leads to debonding at the interface due to cryogenic conditioning. Here
the carbon fiber contracts radially due to negative coefficient of thermal expansion at low
temperature. Untreated samples showed neither debonded interfaces nor any contraction
of fiber and matrix. Figure 5 shows a large amount of matrix crackings which may be
attributed to brittleness of the epoxy resin at low temperature leading to nucleation of

delamination cracks in the composite interface. Figure 6(a) shows fracture profile of



carbon/epoxy sample after cryogenic treatment that mainly consist rows of cups. These
cups are formed due to the development of transverse micro-cracks along the interfacial
area [23, 24]. Increase in brittleness of the epoxy matrix after cryogenic conditioning
causes opening of these micro-cracks easily that develops profile with rows of cups.
When these cracks accumulate and merge to form longitudinal cracks along the fiber then

failure of the composite results as shown in figure 6(b).

CONCLUSION

From the present findings it can concluded that cryogenic conditioning of carbon/epoxy
composites leads to high amount of residual stresses at the interface that are difficult to
accommodate that contributes in massive matrix crakings and interfacial debondings.
Woven carbon/epoxy composites were found to be strain rate sensitive and change
loading rate can change the failure modes. The overall strain rate sensitivity of a laminate
is mostly controlled by the resin. The anisotropic nature of carbon fibers plays a vital role
in interlaminar shear strength of the laminate at cryogenic temperature. Stress relaxation
due spatial rearrangement of molecules of the resin result in reversion of some
mechanical properties to some extent after cryogenic treatment. Cryogenic conditioning
stimulates the formation of rows of cups due to coalesce of transverse microcracks that
originate longitudinal cracks along the fiber.

ACKNOWLEDGEMENT

The authors wish their sincere appreciation to the Department of Metallurgical &
Materials Engineering, National Institute of Technology Rourkela, for the infrastructural

facilities given to complete the project. The experimental work was assisted by Mr.



Rajesh Pattanaik and Mr Samir Pradhan and their cooperation is highly appreciated. We

would also like to acknowledge Mr. Madan (Librarian) for helping us in literature survey.

REFERENCES

1. Kim, R. Y., Crasto, A. S. and Schoeppner, G. A. (2000). Dimensional Stability of
Composite in a Space Thermal Environment, Composites Science and Technology,
60(12): 2601-2608.

2. Mangalgiri, P. D. (1999). Composite Materials for Aerospace Applications, Bulletin
of Materials Science, 22 (3): 657-664.

3. Ray, B. C. (2006). Adhesion of Glass/Epoxy Composites Influenced by Thermal and
Cryogenic Environments, Journal of Applied Polymer Science, 102(2): 1943-1949.

4. Gong, M., Wang, X. F. and Zhao, J. H. (2007). Experimental Study on Mechanical
Behavior of Laminates at Low Temperature, Cryogenics, 47(1): 1-7.

5. Bechela, V. T., Camping, J. D. and Kim, R. Y. (2005). Cryogenic/Elevated
Temperature Cycling Induced Leakage Paths in PMCs, Composites: Part B, 36: 171-
182.

6. Ray, B. C. (2004). Thermal shock on Interfacial Adhesion of Thermally Conditioned
Glass Fiber/Epoxy Composites, Materials Letters, 58: 2175-2177.

7. Shindo, Y., Wang, R. and Horiguchi, K. (2001). Analytical and Experimental Studies
of Short Beam Interlaminar Shear Strength of G-10CR Glass-Cloth /Epoxy Laminates
at Cryogenic Temperature, Journal of Engineering Materials and Technology, 123:
112-118.

8. Zahl, D. B. and Mcmeeking, M. R. (1991). The Influence of Residual Stress on the
Yielding of Metal Matrix Composites, Acta Materialia, 39(6): 1117-1122.

10



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bigelow, C. A. (1993). Thermal Residual Stresses in a Silicon-Carbide/Titanium
[0/90] Laminate, Journal of Composite Technology, 15(4): 304-310.

Borje, A., Aders, S. and Lars, B. (2000). Micro- and Meso-Level Residual Stresses in
Glass-Fiber/Vinyl-Ester Composites, Composite Science and Technology, 60: 2011-
2028.

Vernon, T., Bechel, Ran, Y. and Kim. (2004). Damage Trends in Cryogenically
Cycled Carbon/Polymer Composites, Composites Science and Technology, 64: 1773—
1784.

Salin, I. and Seferis, J. C. (1996). Anisotropic Degradation of Polymeric Composites:
from Neat Resin to Composite, Polymer Composites, 13(3): 430-442.

Bouuette, B., Cazeneuve, C. and Oytana, C. (1992). Effect of Strain Rate on
Interlaminar Shear Properties of Carbon Epoxy Composites, Composites Science and
Technology, 45: 313-321.

Srikanth, V. T. and Sun, C. T. (2001). Modes for Strain Rate Dependent Behaviour of
Polymeric Composites, Composites Science and Technology, 61(1): 1-12.

Armenakas, A. E. and Sciammarella, C. A. (1973). Response of Glass Fibre
Reinforced Epoxy Specimen to High Rates of Tensile Loading, Experimental
Mechanics, 13: 433-440.

Harold W. L. and Piyush, K. D. (1988). On the Design of Polymeric Composite
Structures for Cold Regions Applications, Journal of Reinforced Plastics and
Composites, 7: 435

M. Surendra Kumar., Sharma, Neeti and Ray, B. C. (2007). Assessment of FRP
Composites at Ultra-Low Temperature, Journal of Reinforced Plastics and
Composites, accepted.

Ueki, T., Nishijima, S. and Izumi, Y. (2005). Designing of Epoxy Resin Systems for
Cryogenic Use, Cryogenics, 45(2): 141-148.

M. Surendra Kumar., Chawla, N., Priyadarsini, A., Mishra, 1. and Ray, B. C. (2007).
Assessment of Microstructural Integrity of Glass/Epoxy Composites at Liquid
Nitrogen Temperature, Journal of Reinforced Plastics and Composites, 26(11): 1083-
1089.

11



20.

21.

22,

23.

24,

Timmerman, J. F., Tillman, M. S., Matthew, S., Hayes, Brian. S. and Seferis, J. C.
(2002). Matrix and Fiber Influences on the Cryogenic Micro Cracking of Carbon
Fiber/Epoxy Composites, Composites Part A: Applied Science and Manufacturing,
33(3): 323-329.

Ray, B. C. (2005). Thermal Shock and Thermal Fatigue on Delamination of Glass
Fiber Reinforced Polymeric Composites, Journal of Reinforced Plastics and
Composites, 24(1): 111-116.

Shindo, Y., Inamoto, A. and Narita, F. (2005). Characterization of Mode 1 Fatigue
Crack Growth in GFRP Woven Laminates at Low Temperatures, Acta Materialia, 53:
1389-1396.

Pannkoke, K. and Wagner, H. J. (1991). Fatigue Properties of Unidirectional Carbon
Fibre Composites at Cryogenic Temperatures, Cryogenics, 31: 248-251.

Hussaina, M., Nakahirab, A., Nishijimaa, S. and Niiharaa, K. (2000). Evaluation of
Mechanical Behavior of CFRC Transverse to the Fiber Direction at Room and

Cryogenic Temperature, Composites: Part A, 31: 173-179.

12



FIGURE CAPTIONS

Figure 1 Bar chart showing Ultimate Tensile Strength for different fiber weight fractions
of cryogenically conditioned and untreated specimens at 1(a) 2 mm/min,

1(b) 200 mm/min and 1(c) 500 mm/min crosshead speeds.

Figure 2 Graph showing the effect of crosshead speed on tensile strength of
carbon/epoxy composites for both cryogenically conditioned and untreated
specimens of 2(a) 0.5 fiber weight fraction, 2(b) 0.55 fiber weight fraction and
2(c) 0.6 fiber weight fraction

Figure 3 Graph showing the effect of crosshead speed on ILSS of carbon/epoxy
composites at ambient temperature (A ), cryogenic temperature (77K) (#) and at

room temperature after cryogenic conditioning (m) for 3(a) 0.5 fiber weight

fraction, 3(b) 0.55 fiber weight fraction and 3(c) 0.6 fiber weight fraction.

Figure 4 Scanning micrographs of 4(a) cryogenically conditioned (77K) and 4(b)

untreated carbon/epoxy composites specimen.

Figure 5 Scanning micrographs showing large amount of matrix crackings and
delamination of cryogenically conditioned (77K) carbon/epoxy composite

specimen.

Figure 6 Scanning micrograph showing 6(a) rows of cups and 6(b) longitudinal cracks
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