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Abstract

A new and innovative concept is proposed for designing lightweight fan blades for aircraft engines using
commercially available 17-4PH precipitation hardened stainless steel. Rotating fan blades in aircraft engines
experience a complex loading state consisting of combinations of centrifugal, distributed pressure and
torsional loads. Theoretical failure plastic collapse maps, showing plots of the foam relative density versus
face sheet thickness, 7, normalized by the fan blade span length, L, have been generated for rectangular
17-4PH sandwiched foam panels under these three loading modes assuming three failure plastic collapse
modes. These maps show that the 17-4PH sandwiched foam panels can fail by either the yielding of the face
sheets, yielding of the foam core or wrinkling of the face sheets depending on foam relative density, the
magnitude of #/L and the loading mode. The design envelop of a generic fan blade is superimposed on the
maps to provide valuable insights on the probable failure modes in a sandwiched foam fan blade.

List of Symbols
ar Acceleration of the rotating sandwiched foam panel
A, Cross-sectional area of the foam core
Ay Cross-sectional area of the face sheets
b Width of a sandwiched foam cantilever panel
B Constant equal to 2 for a sandwiched foam cantilever panel
B, Constant equal to about 2
C Constant equal to about unity
E, Young’s modulus of the foam core
E, Young’s modulus of the solid unfoamed core
E, Young’s modulus of the solid material
Eos Effective Young’s modulus of the sandwiched core
G Shear modulus
G, Shear modulus of the foam core
Gritical Critical fracture toughness of brazed interface at which debonding occurs
G, Shear modulus of the solid material
Iy Polar moment of inertia for the foam core under torsional loading
Ly Polar moment of inertia for the face sheets under torsional loading
L Length of the sandwiched foam panel
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mr Total mass of the sandwiched foam panel

P Axial, bend or impact load

P, Axial load acting on the foam core

Ping Localized indentation load due to foreign object damage (FOD)

P Axial load acting on the face sheets

q Distributed pressure load acting on a sandwiched foam cantilever panel
r Radial distance across the cross-section of a sandwiched foam panel
t Face sheet thickness

t Thickness of the foam core

tp Thickness of the sandwiched foam plate = (2¢ + ¢,

T Total torque on the sandwiched foam panel

T. Torque on the foam core

T, Torque on the face sheet

Shear strain

€. Elastic strain of the foam core

€ Elastic stain of the face sheets

€r Total strain

Pe Density of the foam core

Pefr Effective density of the sandwiched foam structure
Ps Density of solid material

Oye Yield strength of the foam core

Cys Yield strength of the solid metal

C. Axial stress acting on the foam core

o, Axial stress acting on the face sheets

(Te)max Maximum shear stress acting on the foam core
Tinax Maximum shear strength of a sandwiched foam shear specimen
(Ts)max Maximum shear stress acting on the face sheets

L, Poisson’s ratio of the foam core

U Poisson’s ratio of the solid material

() Twist angle

Angular velocity of the rotating sandwiched foam panel

1. Introduction

Recent advances in cellular theory [1-20] and manufacturing techniques [21,22] have created an interest
in developing new applications for foam materials in the fabrication of lightweight engineering components
[23]. Specifically, metallic foams provide several advantages to the designer due to their diverse
multifunctional characteristics and ductility [21,24,25]. For example, metallic foams possess low density,
energy absorption and vibration dampening properties along with the ability to be fabricated with curvatures
as three-dimensional structures.

The fact that the densities of foams are extremely low compared to that of the solid material is especially
advantageous in conceiving new innovative concepts for many common applications. For example, metallic
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foams made of relatively inexpensive and common alloys, such as high strength and high toughness aerospace
grade 17-4PH stainless steel, can be used in fabricating aircraft engine fan blades to replace more expensive
titanium alloys and polymeric composite materials. The proposed blade architecture is a lightweight sandwich
construction made up of thin contoured solid face sheets either brazed or solid-state diffusion bonded to a
space-filling metallic foam core (fig. 1) [26]. The embedding of a lightweight stainless steel foam core
between the two face sheets considerably increases the stiffness of the sandwich blade as compared to simply
brazing two sheets. Figure 2 shows a schematic of a NASA'-designed blade used in the modeling studies [26].
Detailed analytical studies using this fan blade design have demonstrated that 17-4PH stainless steel fan
blades are superior to solid Ti-6(wt.%)Al-4% V fan blades, and possibly even hollow titanium alloy blades,
both in terms of rigidity, weight and vibration analyses, simulated impact loading due to a bird strike, and cost
[26]. The mechanical properties of 17-4PH sandwiched foam specimens are reported elsewhere [26,27].

Gibson and Ashby (GA) [2] proposed constructing failure” plastic collapse maps for specimens consisting
of a rigid polyurethane foam core sandwiched between two Al face sheets subjected to bending loads. Since
no such maps exist for 17-4PH sandwiched foam panels, the objectives of this paper are to construct similar
failure maps. The present paper extends the earlier work by Gibson and Ashby [2] to centrifugal and torsional
loading modes for cantilevered 17-4PH sandwiched foam panels. The construction of these maps can provide
useful insights into probable failure modes for a 17-4PH sandwich foam fan blade for different combinations
of relative densities and fan blade geometries under different loading conditions. A fundamental assumption
made in this paper is that the face plates are brazed under proper conditions to the metallic foam core so that
failure by debonding at the brazed interfaces is ignored. It is noted that this mode of failure is very likely
when the brazed interfaces are weak.

4.9 mm

159.5 mm

\
\— Foam core

\
\— Face sheet 86.4 mm

Figure 1.—Schematic of a sandwiched foam fan
blade showing the foam core enclosed by the
face sheet skin.

Figure 2.—Schematic of a NASA-designed fan
blade with a forward swept profile used in
the modeling studies.

'National Aeronautics and Space Administration (NASA).
’Gibson and Ashby [2] define the “failure” of foams as the point of plastic collapse or extensive creep and not fracture.
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2. Loading Conditions on a Fan Blade

A fan blade in an aircraft engine is fixed to a rotating shaft at its root. The actual geometry of a fan blade
is fairly complex including a twist and a varying cross-sectional area for aerodynamic reasons, which
complicates the development of failure maps. Thus, for simplicity, this paper assumes that the fan blade
geometry is a simple cantilevered panel with a uniform rectangular cross-section held rigidly at its root
(fig. 3(a)). More detailed analyses would require taking into account the variable geometry of the fan blade.
Despite this simplified geometry, it is felt that the failure maps presented here are likely to be representative
of the mechanisms governing the failure of these 17-4 PH sandwiched foam fans. As with any deformation
[28] and fracture [29] maps, the positions of the regime boundaries on the maps depend both on the accuracy
of the equations describing the failure loads as well as the quality of the data used in generating the maps.
table 1 lists the mechanical properties data for wrought and heat treated 17-4PH stainless steel obtained from
literature sources [30-33].

TABLE 1.—MATERIAL PROPERTY DATA FOR HEAT-TREATED
WROUGHT 17-4PH STAINLESS STEEL ALLOY

Property Units 17-4PH
(H-1025 condition)

Density Mg m™ 7.64 [30]

Poisson’s ratio 0.27[30]

Coefficient of thermal expansion (CTE) pmm’ K! 10.8 [31,32]

Shear modulus GPA 77.2 [33]

Young’s modulus GPa 196.5 [30]

Fatigue Limit MPa 572 [30]

0.2% Yield strength MPa 1172 [30]

Ultimate tensile strength MPa 1276 [30]

Centrifugal
Pressure loading
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(a)
Figure 3.—(a) Schematic showing the different types of loading modes likely to be experienced by of a

cantilevered fan blade during service. (b) Schematic of likely modes of failure of a sandwiched foam
panel subjected to pressure and impact type loads.
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A rotating fan blade experiences several types of loading profiles during service (fig. 3(a)). First, a
distributed pressure load, g, acts on the blade due to the action of the air pressure causing bending of the blade
leading one surface to be under tensile loading and the opposite surface to be under compressive loading.
Under these loading conditions, several failure modes described by Gibson and Ashby [2] (fig. 3(b)), such as
face yielding, face wrinkling, foam core failure and debonding at the foam core-face sheet interfaces are
equally relevant. Second, torsional loads are generated when the blade twists. In this case, shear stresses
develop in the core, face sheets and interfaces, which are likely to fail in shear. Third, the blade also
experiences an axial centrifugal loading due to its rotation. This type of loading can lead to tensile yield of the
face sheet and foam core and shear failure of the brazed joints. Fourth, the fan blade experiences a localized
indentation load, P;,q, due to foreign object damage (FOD), where the face sheet and the foam core experience
localized plastic yield. The fan blade is constantly subjected to the first three loading conditions during the
operation of the aircraft engine and FOD type loading occurs intermittently due to external factors, such as
bird strikes and debris swept up from the runway during take-off and landing. Owing to this complex loading
profile, failure maps must be generated for each loading mode in order to be meaningful. Since the impact
loading on the fan blade due to FOD is a probabilistic event, the maps discussed below do not consider this
loading mode.

3. Results and Discussion

3.1 Failure Map for Distributed Pressure Loads

As discussed earlier, four failure modes are likely when a cantilevered sandwiched foam panel
representing an idealized fan blade geometry is subjected to air pressure. The failure equations for these
modes are identical to those derived by Gibson and Ashby [2] for a specimen subjected to a bend load. The
yielding of the face sheets occurs when the normal applied stress exceeds their compressive or tensile yield
strength. Thus, the tensile failure load, ¢, for face yielding is given by [2]

q=Bbt, [é) Gy, (face yield) (1.a)

where b is the width of the rectangular sandwiched foam cantilever panel, ¢ is the thickness of the face sheet,
t. 1s the thickness of the foam core, L is its span length, 6, is the yield strength of the solid metal and B is a
constant equal to 2 for a cantilever panel under a uniformly distributed load [2].

Face sheets under compressive loading can fail by wrinkling as they buckle when the normal stress
reaches the local instability stress. Assuming that the foam core has a Poisson’s ratio, v. = 0.27 (table 1), the
compressive failure load for face wrinkling is given by [2]

12 4

T3 3
g=057Bbt, (%J E3 E3 (p—CJ (face wrinkling) (1.b)
Ps

where E; is the Young’s modulus of the face sheet, E,; is the Young’s modulus of solid unfoamed core, and p,
and p; are the densities of the foam core and solid metal, respectively.

The foam core in a cantilevered sandwiched foam panel experiences both normal and shear stresses under
a uniformly distributed external load. The failure of the foam core can occur when the principal stresses
satisfy the yield criterion. Alternatively, the foam core can undergo shear failure when the shear stress
exceeds the shear strength of the foam [2]. The failure load for the foam core failure by shear is given by

NASA/TM—2007-214802 5



q=C bt, (p—‘jz G, (Foam core yield) (1.c)
p

N

Debonding at the brazed interfaces between the face sheets and the foam core occurs when ¢ exceeds the
bond strength of the brazed joints. Thus, the failure load leading to bond failure is given by

1

g=Bab1, [%j (sz -

t

where B, is a constant equal to 2 for a sandwiched foam cantilever panel [2] and G.c. 18 the critical fracture
toughness of the brazed interfaces at which debonding occurs. Despite its simplicity, the application of

eg. (1.d) in developing failure maps is complicated by the fact that there appears to be no fracture toughness
data available for the BNi-6 brazing alloy used in this study. It is expected that if the face sheets are poorly
bonded to the foam core, the sandwich panel will fail by debonding of the brazed joint. Thus, the failure maps
presented in this report implicitly assume that the face sheets are well bonded to the foam core and debonding
is not the source of failure of the sandwiched panels.

Figure 4 represents the failure map for a sandwiched foam panel subjected to a distributed pressure load
plotted as p./p, versus #/L. In the absence of debonding at the brazed joints, only egs. (1.a) to (1.¢) need be
considered for identifying the boundaries of the three failure domains in the p./p, — #/L space. The locations of
the boundaries are obtained by equating the pair of equations describing two adjacent failure mechanisms
since the magnitudes of q are identical for both processes at their common boundary. Each failure regime
shown on the map then represents the mechanism with the lowest magnitude of q since failure will
preferentially occur by this mode when the load reaches this critical value. An examination of figure 4
suggests that the wrinkling of the face sheets is likely to occur when p./p; < 0.035 and #/L < 0.003. Thus,

100_ T T TTIT0T T T T TTIT0T] L B 1 ||||_
- 17-4 PH sandwiched foam panel a
Face yield
iz
S 1071 = —
= — ]
B / Core yield B
e
(— \\ 1
C “— NASA fan blade |
design envelop
— Face wrinkling —
10-2 | Ll | Lol | Lol | [
104 10-3 10-2 10-1 100

t/iL

Figure 4. —Failure map for a 17-4 PH sandwiched foam panel subjected to bending under the action
of pressure loading.
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decreasing the density of the foam core can result in a change in the failure mode from tensile yield of the
face sheets to their compressive buckling when the sheets are thin and the span length of the fan blade is
relatively long. The transition from the yielding of the face sheet on the tensile surface to the wrinkling of the
sheet on the compressive face occurs at a constant value of p./p; = 0.035 independent of the face sheet
thickness and the fan blade length.

The failure of the foam core becomes more likely when #/L > 0.003. For sandwiched foam panels
fulfilling this criterion, failure will occur by either the tensile yielding of the foam core or the yielding of the
face sheet at the tensile surface depending on the magnitude of p./p,. At a constant value of #/L, the
probability that the foam core will deform and fail decreases with increasing relative density of the foam core.
Correspondingly, at a constant value of #/L, as p./p, increases the probability that the face sheets will
plastically deform will increase Similarly, for a constant value of p./p, > 0.035, the tendency of the foam core
to deform and fail increases as the face sheet thickness increases and the fan blade span decreases. The
optimum design envelop for the NASA fan blade shown in figure 2 has been evaluated elsewhere [26] and the
hatched region in figure 4 represents this envelop. It is clear that the NASA fan blade is likely to fail by either
the yielding of the foam core or the face sheet under pressure loading.

3.2. Failure Map under Torsional Loads

The assumption of well-bonded brazed joints resistant to failure leaves only two failure modes to be
considered in this analysis. The sandwiched foam panel experiences shear stresses under this type of loading
thereby resulting in either the shear failure of the foam core or the face sheets. The maximum shear stresses
acting on the face sheets, (T,)max, and the foam core, (T.)max, are derived in Appendix A. The relationship
between the relative density of the sandwiched foam and the normalized thickness, #/7,, where #, = (2¢ + 1) is
the total thickness of the sandwiched foam blade, is reproduced below:

2

Pe _ 0.4 2)

Ps (1+us)[1—2tj
lp

Figure 5 shows the failure map of the fan blade, plotted as a function of (p./py) versus (¢#/L) to define the
location of the boundary between the two failure mechanisms. The solution of the problem leads to non-linear
results with the yielding of the foam core being the most likely failure mode for the predicted design range of
the sandwiched foam panels. Once again, the hatched region represents the optimized design envelop for the
NASA fan blade, where it is evident that it is likely to fail by the failure of the foam core under torsional
loading.

3.3. Failure Map for Centrifugal Loading

A rotating sandwiched foam panel also experiences an axial loading force, P, due to its rotation. Since the
panel is under a tensile force, face wrinkling is unimportant and only two modes of failure involving the
tensile yield of the face sheets and the foam core need be considered. The details of the analysis for axial
loading described in Appendix B leads to the transition boundary being located at

(p_cJ = 0.09 3)
Ps

Figure 6 shows the failure map for the 17-4PH sandwiched foam panel under centrifugal axial loading.
The transition boundary between the two failure modes is independent of t/L and occurs at a constant value of
p./ps = 0.09. For values of p./p; < 0.09, the dominant failure mode is likely to be the yielding of the foam

NASA/TM—2007-214802 7



core. Above this critical value, the failure mode transitions to the yielding of the face sheets. As evident by
the hatched region, the optimized NASA fan blade is likely to fail either by the yielding of the foam core or
the face sheet under centrifugal axial loading.

100 & T T ] l T | T T T H
-  Face yield i
- 17-4 PH sandwiched foam panel
101 = =
__ \ ]
B \ Face yield N
— “— NASA fan blade —
w design envelop
$ 102
o =
- Core yield
10-3 =
10-4 oLl | T I T
10-3 102 10-1 100
tIL
Figure 5.—Failure map for a 17-4 PH sandwiched foam panel subjected to torsion.
100 I T T T A N R | T T
B 17-4 PH sandwiched foam panel
Face yield
a
< 10-1 = —
Q- — p—
—  NASAfanblade - -
| design envelop — Core yield .
10-2 Lo Ll Lol il I I
10-3 102 10-1 100
tIL

Figure 6.—Failure map for a 17-4 PH sandwiched foam panel subjected to centrifugal axial loading.
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4. Summary and Conclusions

Sandwiched foam 17-4PH structures have been proposed for fabricating lightweight and relatively less
expensive aircraft engine fan blades [26]. In an attempt to understand probable failure modes in these foam
constructed blades under different loading conditions, theoretical failure maps were generated for rectangular
17-4 PH sandwich foam structures assuming that the face sheets were well-bonded to the foam core.
Following Gibson and Ashby [2], three foam failure modes were investigated, where the failure maps were
constructed as plots of p./p; versus #/L. Three types of loading conditions were considered in an attempt to
simulate three different types of loads experienced by an idealized aircraft engine fan blade: centrifugal load,
pressure distributed bend load, and torsional load. The failure maps for the 17-4PH sandwiched foam
structures suggest that face wrinkling, face yield and foam core yield are the main modes of failure under a
pressure distributed bend load depending on the magnitudes of p./p, and #/L. However, face and foam core
yielding are the two probable modes of failure under torsional and centrifugal tensile loads.

The design envelop for a NASA-designed fan blade was superimposed on the maps. As a result, the
insights provided by the maps suggest that the yielding of the faces and the foam core are the two important
failure modes for the NASA fan blade under centrifugal axial loading and pressure distributed bend load
conditions. However, the fan blade is likely to fail solely by the yielding of the foam core under torsional
loads.
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Appendix A—Derivation of Maximum Shear Stresses Acting
on a Sandwiched Foam Panel Under Torsional Loading

For simplicity, the sandwiched foam fan blade is assumed to be a cantilever panel of length, L, width, b,
and thickness, t, (= 2¢ + 1.), subject to a total torsional load, 7, in this analysis (fig. A.1). When the face sheets
are fully bonded to the foam core, the total strain, er, equals the strain in the foam core, €., and that in the face
sheets, g, (i.e. &7 = &.= g;). From static equilibrium, the total torque is equal to the sum of the torques, 7. and
T, acting on the core and the face sheets, respectively, given by

T=T.+T, (A.1)
Since the twist angle, ¢, is identical for both the foam core and the face sheets,

b= T.L _ T,L (A2)

Gl pc Gyl ps
where L is the span of the fan blade, G. and G; are the shear moduli of the foam core and the face sheets,
respectively, and /,. and 1, are the polar moments of inertia for the foam core and face sheets, respectively,
given by

~20)¢, -2 —2t)? -2
Ipe= {(b t)(zp t) { (fZ t) Al (tp t)z }} (foam core) (A.3.a)
24(b — 2 Y
s = t( t) (Zp Z) (face sheet) (A.3.b)
{(b —t)+ (tp _t)}
—|f——————— || -——
T + Face sheet
[y N \\ \

i S I ‘

: |

: T

| Foam b

i core

i

| |

1

1

i Foam core (2 £+ )

|

1

1

1
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1

|

|

1]

— Face sheet —

Figure A.1.—Schematic of a cantilevered sandwiched foam panel under torsion.
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The magnitude of G. can be determined from eq. (A.4.a) [2]

3 2
G, =>E, (&J (A.4.2)
8 "\ ps
while that of G, is given by
G, = _Es (A.4.b)
2(1+vy)

where vy is the Poisson’s ratio is the solid material. Solving eq. (A.1) and (A.2) gives

_ GCI pc
T.=T (foam core) (A.5.2)
(Gc] pc + Gsl ps )

Gs[ps
(Gel pe + Gl ps)

The maximum shear stresses, (Tc)max and (Ty)max, acting on the foam core and face sheets, respectively, are then
given by

(foam core) (A.5.b).

t
(rc )max =G,y = G(;er) - fc’” - (%J(%—t} (foam core) (A.6.a)
pe pe
t
(’Cs )max =Gy = sz'(l) _ fs’” _ (IT‘ ](TPJ (face sheet) (A.6.b)
ps ps

where v is the shear strain and r is the radial distance across the fan blade cross-section. Substituting
egs. (A.5.a) and (A.5.b) into egs. (A.6.a) and (A.6.b),

_ Ge .
(TC )max - T|: {Gc[pc 4 Gslps }:I( 7 t] (A-7-a)
_ Gy n
(s Dmax —T{ CTo il }}[ : j (A.7.b)
Thus,
(rc) G, [ 2t}
max _ e |q_22 (A.8)
(TS )max GS tp

Using egs. (A.4.a) and (A.4.b), eq. (A.8) reduces to
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(te) 3( )(p,jZ( 2:}
Semax _ Z (1 ) Ee ] 1-2= (A.9)
(Ts)max 4 Ps tP

Failure of the foam core is assumed to occur when yielding first takes place i.e. when (t.)max = 0.56,.. Thus,
using eq. (A.10) [2],

G 3/2
X o o.3(p—CJ (A.10)
Gy Ps
2
(T Do = 0.15&—"] Gy (A.11)
S

Similarly, assuming that the face sheet failure criterion is (T,)max = 0.56,, and substituting for (T,)max Using
eqg. (A.11) and (Ts)max in €q. (A.9), the relationship between the relative density of the sandwiched foam and
the normalized thickness, #/t, is given by

2

Pe _ 04

P 1+, ){1 - ”}
p

(A.12)
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Appendix B—Derivation of Maximum Stresses Acting on the
Sandwiched Foam Panel Under Axial Loading Conditions

A fan blade will experience an axial loading force, P, during its rotation. This load is carried in part by the
face sheets and in part by the foam core represented by forces P, and P,, respectively. For a sandwiched foam
panel of mass, mr, undergoing an acceleration, ar, the differential axial force acting on it due to rotation is

OP =dmpar= P, + P, (B.1)

Noting that ar = o*r and my= pcAcr + psAgr, where A, and A, are the cross-sectional areas of the foam core
and the face sheets, respectively, eq. (B.1) can be expressed as

8P = (p.A. + psAd;) o’r &r = 8P, + 8P, (B.2)
When the face sheets are fully bonded to the foam core, the total strain, 7, equals the strain in the foam core,

€., and that in the face sheets, g, (i.e. e7 = €. = &,). Failure of the sandwiched foam panel is assumed to occur
when it first begins to yield so that

5e, = 9% _ O (B.3.2)
EC ACEC

5c, = 0% _ Oh (B.3.b)
ES ASES

where 6. and o; are the axial stresses in the foam core and face sheets, respectively, E. is the elastic modulus
of the foam core given by eq. (1), 4. and 4; are the cross-sectional areas of the foam core and the face sheets,
respectively. Equating eqgs. (B.3.a) and (B.3.b) in order to satisfy compatibility conditions, we have

8P, = SPS(ASESJ (B.4)

cHc

Substituting eq. (B.6) into eq. (B.2) and simplifying the results, the differential forces acting on the foam core
and the face sheets can be expressed as

sp. = | AcEclpsAs +pedc)o? | o (B.5.a)

‘ (A,E +4.E.)
sp | AsEs(ps Ay +pedc)o? | o (B.5.b)

s (ASES +ACEC)

Thus,
2
56, = e {Ec(psAs +pede)o }Sr (B.6)
Ac (ASES +ACEC)

The elastic modulus of the foam core is given by [2]
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2
QZE{&J (B.7)
Ps

Combining egs. (B.6) and (B.7), we have

2
2
5o, = {"_Cj ES}(pSAS tpedco? | o (B.8.2)

Pe (4,E; + A.E.)
and
2
86, :fﬁ:{Es(psAs +pede o }r& (B.8.b)
A, (A44E4 + A.E,)

The yield strength of an ideal foam core without any manufacturing defects is given by [2]

3/2
[%J _ 0'3(’)_6j (B.9)
G ys Ps

At the proportional limit, 6. = 6,. and 6, = G,,, so that from eqs. (B.8.a), (B.8.b) and (B.9) the boundary
between the yield of the face sheet and the foam core is given by

2 3/2
(p—fj - o.3(p—fj (B.10)
Ps Ps
Simplifying,
(&] =0.09 (B.11)
Ps
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