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Abs t rac t  

A computat ional  c a p a b i l i t y  f o r  p r e d i c t i n g  t h e  
non l i nea r  thermomechanical s t r u c t u r a l  response o f  
f iber - re in fo rced  superal  l o y  (FRS) t u r b i n e  blades i s  
described. Th is  c a p a b i l i t y  i s  embedded i n  a spec ia l -  
purpose computer code r e c e n t l y  developed a t  t h e  NASA 
Lewis Research Center. Specia l  f ea tu res  of t h i s  com- 
p u t a t i o n a l  c a p a b i l i t y  i nc l ude  account ing f o r ;  f i b e r /  
ma t r i x  reac t ion ,  non l i nea r  and an i so t rop i c  m a t e r i a l  
behavior, complex s t r ess  d i s t r i b u t i o n  due t o  l o c a l  
and g loba l  heterogeneity,  and r e s i d u a l  s t resses due 
t o  i n i t i a l  f a b r i c a t i o n  and/or i n e l a s t i c  behavior 
du r i ng  subsequent missions. 

Numerical r e s u l t s  are presented f rom analyses o f  
a hypo the t i ca l  FRS t u r b i n e  blade subjected t o  a fab- 
r i c a t i o n  process and subsequent m iss ion  cyc le .  The 
r e s u l t s  demonstrate t h e  capabi 1 i t i e s  o f  t h i s  computa- 
t i o n a l  t o o l  to ;  p r e d i c t  l o c a l  s t r e s s l s t r a i n  response 
and capture t rends  of l o c a l  non l i nea r  and a n i s o t r o p i c  
m a t e r i a l  ehavior,  r e l a t e  t h e  e f f e c t s  o f  t h i s  l o c a l  
behavior t o  t h e  g loba l  response o f  a m u l t i l a y e r e d  
f iber-composite t u r b i n e  blade, and t r a c e  m a t e r i a l  
h i s t o r y  f rom f a b r i c a t i o n  through successive missions. 

I n t r o d u c t i o n  

F i  ber - re i  n f  orced superal  l o y s  (FRS) are becoming 
more a t t r a c t i v e  f o r  hot -sect ion a p p l i c a t i o - s  i n  
a i r c r a f t  gas t u r b i n e  and l i q u i d - p r o p e l l a n t  r ocke t  
engines. Recent ly,  s p e c i f i c  i n v e s t i g a t  i o r ~ s l - ~  have 
focused on t h e  benef i t  o f  us ing  FRS f o r  components 
( r o t o r  blades) o f  a i r c r a f t  engine high-pressure 



turhines and Space Shuttle Main Engine high-pressure 
fuel turbopumps. In short, these investigations 
demonstrated, qua1 itatively at least, the potential 
of FRS to provide a substantial improvement in com- 
ponent durability and maximum temperature capability 
beyond that presently achieved with mono1 ithic 
materials. 

Despite the apparent advantages of FRS, the 
prospects for having a production engine with FRS 
turbine components in the near future are remote. 
This is largely due to the fact that no adequate 
(accurate and economical) means currently exist for 

uanti tative assessment of the mechanical 
making performance !%-- an structural integrity of composite 
materials in such complex structural applications as 
turbine bl ades. The avai 1 abi 1 i ty of adequate struc- 
tural analysisldesign tools is imperative if the use 
of FRS, or any advanced composite material, for 
engi-e hot-section components, or any complex struc- 
tural application, is to hecome a reality. 

In response to the deficiency mentioned above, 
research is being conducted at the NASA Lewis 
Research Center to develop computational nonlinear 
structural mechanics methodologies for high- 
temperature composite engine structures. One recent 
result of these efforts has been the development of a 
computational capability specifically tailored for 
the nonlinear s ructural/stress analysis of FRS 
turbine blades.$ The intent here is to provide a 
brief and general overview of this analytical tool 
together with some typical results obtained from a 
recent exercise using this capability. 

Computational Capabi 1 ity 

Clearly, the utility of any structural analysis 
tool depends on the accuracy with which it describes 
or predicts the actual physical event being modeled, 
In this light, the primary goal in developing the 
computational capability mentioned above was to 
account for the physics governing this application 



in the analytical formulation of the problem. In 
doing so, it was assumed that the behavior of a FRS 
turbine blade could he predominantly attributed to 
certain physical characteristics andlor phenomena 
associated with this application, includi-g; 

- local (intralaminar) heterogeneity of a fiber- 
reinforced composite ply 

- global (interlaminar) heterogeneity of a 
multi 1 ayered anglepl ied composite structure 

- fi herlmatrix metallurgical reaction due to 
extended exposure in elevated temperature 
environments 

- nonl i near (stress-temperature-t ime dependent) 
and anisotropic constituent materi a1 behavior 
due to complex and cyclic thermomechanical 
loading conditions 

- complex and nonuniform microstress distri hu- 
tion in the composite constituents due to 
intralaminar heterogeneity and anisotropic 
nonlinearities 

- residua1 stresses due to initial composite 
fabrication process and/or inelastic behavior 
during subsequent mission cycles 

Accountability of these factors, then, was judged to 
be most critical to the development of an appropriate 
and adequate structural analysis tool. 

To develop the computational capabi 1 ity a1 luded 
to above, the existing COBSTRAN computer code was 
used as a foundation. COBSTRAN (Composite Blade 
STRuctural ANalysis) is a special-purpose code devel- 
oped several years ago at the NASA Lewis Research 
Center to perform linear-elastic structural analysis 
o f  composite blade-1 i ke structures. This recently 
developed nonlinear version of COBSTRAN is an 
integrated structural analysis tool incorporating; a 



fiber degradation model, a nonlinear material model/ 
cumu-1 ative damage model, composite micromechanics 
theory, laminate theory, and global finite element 
ctructural analysis. 

The analytical procedure of nonlinear COBSTRAN 
is based on an incrementalliterative solution strat- 
egy. This strategy entails the successive solution 
of a linear formulation for distinct increments of 
the total loadltime domain of the problem. During 
the process, results from the solution of each load/ 
time increment are used to update the problem form- 
ulation for solution of the next increment. In this 
manner, the solution strategy embedded in nonl i near 
COBSTRAN resembl es the forward-Eul er type scheme - 5  

As implemented in nonlinear COBSTRAN, the 
solution strategy described above involves two levels 
of iteration. The primary iteration occurs for the 
loadltime stepping process. For each distinct incre- 
ment then, the secondary iteration occurs to achieve 
convergence at an equilibrium soldtion. Presently, a 
criterion based on the error in nodal displacement 
components for successive iterations is used to 
establish equilibrium-solution convergence. 

The functional essence of the computational 
capability embodied by nonlinear COBSTRAN is depicted 
graphically in Figure 1. The schematic summarizes 
the major elements comprising this integrated struc- 
tural analysis tool while the circular arrangement 
portrays the iterative nature of the solution stra- 
tegy. Moreover, a distinct computational "heirarchy" 
is evident from the schematic. In other words, there 
is a clear progression from a description of material 
properties at the "micro" level to a prediction of 
structural response at the "macro" level, and back. 
In short, the analytical process illustrated in 
Figure 1 can e described as an "upward integrationN 
of the structural analysis model and a "downward 
decomposition" of the structural response variables. 



As imp l ied  i n  F igure 1, the  problem o f  ma te r i a l  
n o n l i n e a r i t y  i s  t r ea ted  a t  t he  lowermost l e v e l  i n  t he  
computational he i ra rchy  i .e., i n  t h e  cons t i t uen t  
mater ia ls  comprising each p ly .  To descr ihe the non- 
l i n e a r  ma te r i a l  behavior, a  simple thermoviscoplast ic  
c o n s t i t u t i v e  model was formulated on the  premise t h a t  
the  nonl i n e a r i t y  could be expressed i n  terms o f  a  
stress-temperature-time dependency of the  cons t i tuen t  
mater ia l  proper t ies.  As such, t h e  model r e l a t e s  the  
incremental s t ress  i n  t h e  cons t i t uen t  t o  the incre-  
mental s t r a i n  i n  a  manner s i m i l a r  t o  t h e  Hookels Law 
re la t ionsh ips .  However, i n  t h i s  case the  ma te r i a l  
p roper t ies  are taken t o  be dependent funct ions o f  
stress, stress-rate, temperature, and time. The 
ma te r i a l  model a lso incorporates a  simple cumulat ive 
damagel l i fe  f r a c t i o n  model based on the  concept o f  
res idua l  strength. 

The f i h e r l m a t r i x  reac t i on  phenomenon i s  
accounted f o r  i n  con junc t ion  w i t h  t h e  treatment o f  
mater ia l  non l i nea r i t y .  An empi r i ca l  expression i s  
used t o  quan t i f y  t he  reduc t ion  i n  cross-sect ional 
area o f  t he  i n t a c t  f i b e r s .  The r e s u l t i n g  growth o f  
an interphase o f  ma te r i a l  hetween the  i n t a c t  f i b e r  
and mat i x  i s  accomodated by p rov id ing  f o r  t he  
separate cha rac te r i za t i on  of t h i s  ma te r i a l  as an 
add i t i ona l  cons t i t uen t  o f  t h e  p l y .  

Composite micromechanics theory and laminate 
theory  comprise t h e  two in termediate l e v e l s  i n  t he  
computational he i ra rchy  depicted i n  F igure 1. I n  
e f f ec t ,  t h e  two theor ies  c o n s t i t u t e  an i d e a l i z a t i o n  
o f  t he  i nhe ren t l y  heterogeneous composite s t ruc tu re  
as an equiva lent  "pseudo-homogeneous" one. I n  t h e  
upward i n t e g r a t i o n  process these theo r i es  prov ide the  
means t o  p r e d i c t  equiva lent  p rope r t i es  o f  a  pseudo- 
homogeneous f i n i t e  element based on the  p rope r t i es  
of t he  cons t i t uen t  ma te r i a l s  and the  geometrical 
c h a r a c t e r i s t i c s  o f  t h e  composite ( p l y  and laminate).  
I n  t h e  downward decomposition process the  theor iez  
prov ide the  means t o  r e l a t e  the  g lobal  response o f  
the  composite s t r u c t u r e  back t o  t h e  l o c a l  response 
o f  the  i n d i v i d u a l  cons t i tuen ts  o f  each p ly .  



Global s t r u c t u r a l  analys is  by the  f i n i t e  element 
method (FEM) represents the  uppermost l e v e l  of the  
computational hei rarchy i l l u s t r a t e d  i n  F igure 1. A 
superf i c i  a1 summary o f  the  governing equations of 
1 inear  s t r u c t u r a l  analysis, f rom a FEM perspective, 
i s  given i n  F igure 2. Par t  o f  the  a n a l y t i c a l  process 
o f  nonl inear  COBSTRAN involves solut iom o f  these 
equations f o r  each successive increment o f  the  t o t a l  
load l t ime domain of the  problem, as depicted i n  the  
accompanying scemat i c .  A t  present, the  nonl i near 
COBSTRAN code in te r faces  w i t h  the  MSCINASTRAN~ code 
f o r  g lobal  FEM s t r u c t u r a l  analys is  requirements, 

Turbine Blade Analyses 

I n  an e f f o r t  t o  demonstrate the  u t i l i t y  and 
c a p a b i l i t i e s  o f  t he  in tegra ted  s t r u c t u r a l  analys is  
t o o l  described above, some t y p i c a l  r e s u l t s  are given 
below from a recent  exerc ise i n v o l v i n g  analyses o f  a 
hypothet ica l  FRS tu rb ine  blade a i r f o i  1. The analyses 
were conducted t o  i nves t i ga te  the  e f f e c t s  on the  
a i r f o i l  o f  a  f a b r i c a t i o n  process and the  subsequent 
response o f  the  a i r f o i l  t o  a mission cycle. 

An i l l u s t r a t i o n  o f  the  a i r f o i l  geometry used i n  
the  analyses i s  given i n  Figure 3. Overal l ,  the  
approximate dimensions o f  the a i r f o i l  are; 2.15 in.  
along the  span, 1.20 i n .  across the  chord, and 0.040 
in.  through-the-thickness o f  t he  wal l .  The a i r f o i l  
has a s l i g h t  a x i a l  t w i s t  and a tapered cross-section 
from r o o t  t o  t i p .  The d i s c r e t i z e d a f i n i t e  element 
model o f  t he  a i r f o i l  shown i n  F igure 3 contains 220 
quadri 1  a t e r a l  i soparametric membrane-bending elements 
and 240 nodal po in t s  ( 1200 degrees-of-freedom 1 ess 
those constrained by imposed boundary condi t ions) .  

A summary o f  t he  s p e c i f i c  FRS composite system 
used f o r  the  analyses i s  a lso given i n  F igure  3. The 
system e n t a i l s  a 4-ply laminate w i t h  a con f i gu ra t i on  
o f  [~45° ] s .  The i n d i v i d u a l  p l i e s  are 0.010 in .  
t h i c k  and cons is t  o f  Fe-25Cr-4A1-1Y mat r ix  re in fo rced 
w i t h  0.008 in .  diameter continuous W-1.5Th02 f ihers  
y i e l d i n g  a f i b e r  volume f r a c t i o n  o f  0.50. 



The objective of the first analysis of the FRS 
airfoil was to investigate the residual stress state 
induced by t e t ermal loading experienced during a 
fabrication process. The process simul ated for the 
analysis was adapted from an actual hot isostatic 
pressing (HIP) process used in the fabrication of 
laboratory test specimens. The complete HIP process 
consists of; a 204nute heat-up transient (room 
temperature to 1950 F), a 30-minute constant 
temperaturelpressure transient (1950" F/15,000 psi), 
and a 16-hour cool-down transient (1950" F to room 
temperature). 

The analysis of the fabrication process simul- 
ated only the cool-down portion of the HIP process 
inasmuch as the transition from the constant 
temperaturelpressure transient to the cool-down 
transient was judged to be a reasonable point in the 
process to assume the onset of composite ehavior, 
Moreover, it was assumed that the individual plies 
were being consol %dated simultaneously with the 
fabrication of the airfoil in order to neglect the 
existence of any initial residual microstress in the 
ply constituents prior to component fabrication. 

The cool-down transient, i 11 ustrated in Figure 
4, was simulated using 30 loadltime increments. The 
temperature was assumed to be uniform over the entire 
airfoi 1 (spanwi se, chordwi se, and through-the- 
thickness). Boundary conditions for the analysis 
were specified so as to provide imobil ity of the 
airfoil model with minimal constraint. A maximum 
error tolerance of one percent was prescribed for the 
equi 1 i brium-solut ion convergence criterion. The 
analysis required a total of 61 iterations and 
consumed appoximately 20 minutes of CPU time on a 
Gray IS computer system. 

Results from the analysis of the fabrication 
cool-down process indicated a practically uniform 
state of ply residual stress throughout the airfoil, 
as anticipated in view of the uniform temperature 
distribution and "quasi-isotropic" ply configuration. 



Magnitudes of longitudinal normal pl stress, a ~ l l  
(see ply coordinate system, Figure sf, varied from 
-11.5 ksi to -13.4 ksi with the majority of values 
falling in the range -12.5 * 0.3 ksi. Magnitudes of 
transverse normal ply stress, 0~22, were similar to 
0 ~ 1 1  but of opposite sense, i,e, tensile rather 
than compressive. Also evident were ply in-plane 
shear stresses, 0~12, ranging in magnitude from 0.0 
to h0.4 ksi. These small shear stresses and the 
deviation in normal stresses are attributed primarily 
to small-scale local bending and/or twisting of the 
airfoil due to the asymmetric airfoil geometry. 

The build-up of residual stress in a ply and the 
resulting microstress state in the ply constituents 
throughout the duration of the cool-down process is 
illustrated in Figure 5, These results are of the 
longitudinal normal stress/microstress (all) in the 
outermost (145') ply and its constituents at a loca- 
tion on the airfoil corresponding to the root leading 
edge point (see arrow, Figure 4). What is noteworthy 
about the results illustrated in Figure 5 is that, 
despite a relatively low magnitude of ply stress, the 
constituent constituent microstress magnitudes are 
quite large. This reflects the substantial contri- 
bution of thermally induced microstress due to the 
mismatch in thermal expansion characteristics of the 
two materials. 

Similar to Figure 5, results are presented in 
Figure 6 of transverse normal stress/microstress 
(U ) for the same ply at the same airfoil location, f f  Di erent from 011 however, the interaction of 
constituents in the transverse direction causes the 
distribution of a22 (and u p )  in the matrix and 
interphase to be nonuniform through-the-thickness of 
the ply. This intraply nonuniformity is characterized 
by three distinct regions (A-B-C) as shown in the 
schematic. A review of the results for matrix micro- 
stress, for example, indicates the significance of 
this intraply nonuniformity. A transition occurs 
from a tensile microstress in regions A and B to a 
compressive microstress in region C. 



One ramification of the intraply nonuniformity of 
a22 (and 012) for the matrix and interphase 
concerns the potential for the microstress in a select 
region to exceed the yield point of the material, 
This localized inelastic behavior would result in an 
induced anisotropy of the material that serves to exa- 
cerbate the already complex physical characteristics 
of this problem. With this in mind, it is easier to 
envision how local flaws might initiate, propagate, 
and eventually cause complete failure in a turbine 
blade, for example. The point to be taken from this 
is the importance of being able to account for behav- 
ior om the "micro" scale, and therein lies the utility 
of the integrated computational capabi l i ty emhodied by 
nonlinear COBSTRAN. 

The second analysis of the FRS turbine blade 
ai rfoi 1 was conducted to investigate the response to 
the thermal, pressure, and centrifugal loads experi- 
enced during a mission cycle. Complete details of the 
loading conditions are excluded here for the sake of 
brevity and because they are unimportant within the 
scope of this discussion. It will suffice to say that 
the temperature and pressure distributions over the 
airfoil surfaces (pressure and suction) had a bicubie 
variation ( spanwise and chordwise) throughout the 
mission cycle. 

The mission. cycle was simulated with 43 load/time 
increments. The imposed boundary conditions most 
closely represented those of a cantilevered structure. 
The same maximum error tolerance of one percent was 
prescribed for the convergence criterion, The analy- 
sis required a total of 112 iterations and consumed 
approximately 50 minutes of CPU time. 

Results from the mission cycle analysis indicated 
an overall change in the ply residual stress state 
from prior (initial fabrication residual stresses) t o  
after the mission. In general, the'magnitudes of 
UL 1 were decreased for all plies while the magni- a tu es of u ~ 2 2  were increased for all plies. In all 
cases ~ ~ 1 1  remained compressive and ~ ~ 2 2  ~mained 
tensile. 



The extent of this change in ply residual stress 
magnitude varied depending on the location on the air- 
fo~l. For example, the change was most noticeable at 
the root section and least noticeable at the tip, as 
might e expected since the effects of the pressure 
and centrifugal loads vanish at the tip. Likewise, 
the change was more significant at mid-chord, and 
especially on the suction surface, than at the leading 
or trailing edges. As an illustration, the maximum 
ply residual stress at the end of the mission cycle 
was approximately +19.0 ksi and occurred in the 022 
component for the outermost ply on the suction surface 
at the root mid-chord location. 

Results similar to those shown earlier for the 
analysis of the fabrication cool-down process are 
presented now for the mission cycle analysis, using 
the same ply at the same airfoil location (outermost 
ply, root leading edge). Figures 7 through 9 illus- 
trate the temperature, pressure, and centrifugal load 
variations, respectively, throughout the mission for 
this location. Flgure 10 illustrates the variation of 
longitudinal tensile strength (S11~) in the constit- 
uents and for the ply. These results reflect a depen- 
dence of strength on primarily temperature. Figure 11 
i 1 lustrates the variation of stress/microstress magni- 
tude throughout the mission. 

The first point to note from the results shown in 
Figures 7 through 11 is the large variation in the 
constituent microstress state despite a re1 atively 
constant ply stress. Again, this reflects the contri- 
bution of thermally induced microstress due to the 
mismatch in thermal expansion characteristics of the 
two materials. Secondly, and perhaps most intriguing, 
is that the microstress state is minimum at maximum 
load conditions and when available strength in the 
constituents is minimum. This suggests a potential 
design flexibility which is unique to composite 
materi al systems. 

A final result from the analysis of the mission 
cycle is illustrated in Figure 12 showing the 



variation throughout the mission of natural vibration 
frequencies for the airfoil. The results reflect the 
change in frequency corresponding to the change in 
stiffness of the airfoil, due initially to the varia- 
tion in temperature and then to the inelastic defor- 
mation in the airfoil. 

Conclusions 

The numerical results presented above serve as 
examples of the type of information provided by the 
nonlinear COBSTRAN code. The results demonstrate the 
unique capabilities of this computational tool to 
re1 ate 1 ocal nonl inear constituent materi a1 behavior 
to the global response of an FRS composite turbine 
blade. Moreover, the results manifest the utility 
of the "upward integrationidownward decompositionn 
approach, in general, for nonl i near structural anal- 
ysis of any composite structure. 
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