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SUMMARY

This paper discusses & test program that determines whether the weight
advantages theoretically provided by flat, simply-supported, honeycomb core
sandwich panels in uniaxial compression are attainable in practice. The
| procedure for the design of series of test panels with optimm proportions
18 demonstrated with examples, using 7075-T6 aluminum alloy and 6Al-4V

titanium alloy.
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LIST OF SYMBOLS

width of panel

core thickness

Young's modulus of faces
tangent modulus of faces

face thickness

shear modulus of core material
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apparent shear ‘modulus of honeycomb core in loading direction (also

foil direction)

apparent shear modulus of honeycomb core in direction transverse to

load

face-to-core thickness ratio, f/e

load on panel per unit width
thickness of foil, in honeycomb
strain (in./in.)

plasticity reduction factor,

face stress (psi)

core

Et/E
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I. INTRODUCTION

Sandwich construction has been recognized for some time as a promising
configuration for structural elements carrying compressive loads. Separa-
tion of the faces by a low density core results in an increased stiffness
that tends to prevent buckling. Stabilization of the faces by the core
permits them to be stressed to levels governmed only by material limitations.
A lower over-all weight (even including the weight of the non-load bearing
core) appears possible when compared with, for example, sheet stiffener
construction. This advantage is particularly pronounced for loads and
dimensions resulting in low loading intensity, in which case the allowable
stress (and hence, the amount of material required) for sheet stiffener
construction may depend on stability considerations rather than on material
limitations.

The characteristics of sandwich construction lend themselves particu-
larly well to utilization of the étrengbh properties of titanium. Optimum
titanium sandwich construction is theoretically somewhat lighter than
aluminum or steel sandwich and consi@erably lighter than conventional sheet
sﬁiffener construction of aluminum or titanium, even at room temperature.(l)

Although many sandwich panel teﬁts have been Me, they were generally
not designed to investigate systematically the performance of panels of
optimum proportions. It is now possible, however, to design a series of
test panels of optimm* proportions for selected face and core mterials.(l)

This report outlines the procedure for designing panels for a test program

* .
Optimm here means minimum weight for selected face and core materials
with given limitations on core dengity and allowable strain.
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which can demonstrate whether the theoretical strength properties of

optimum flat sandwich panels in compression can be realized in practice.
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II. AREAS OF INVESTIGATIORN

The tests proposed here are uniaxial compression tests of flat, simply-
supported sandwich panels for which the failure mode is quasi-Buler buckling,
i.e., the buckling load is a function of both bending and shear rigidity.
For the density range of honeycomb cores and the stress limitations con-
sidered here, it appears that the wrinkling type of failure will probably
not occur, except, perhaps, in the case of the lightest titanium core.

Available experimental results of face wrinkling with honeycomb cores
are sketchy enough to meke further investigation advisa'ble.* This could be
carried out by testing relatively small specimens, e.g., 4 or 5 inches
square. Monocell buckling or dimpling depends on the size of the honeycomb
cell and should be considered only if required by the practical limitations
on cell size. (See discussion in Ref. 1.)

Other factors may introduce differences betwégn theoretical and experi-
mental results, e.g., the effect of_:vstresses above the proportional limit.
Plasticity effects were accounted for in the buckiing curves which follow
by using a simple form of a plasticity reduction factor, g = -\,?/E, which
mey require modification. For example, the plasticity reduction factor end
the buckling wave length may be more complexly related than was assumed.,
Initial deformation or waviﬁess of the faces may lower the buckling stress,
in vhich case the strenmgth of the face-to-core bond (particularly if made
with organic adhesives) may be important. Strains in the faces may be large
enough to produce some plastic strain in the core, and this may reduce the

shear rigidity of the core. (The sbove considerations are discussed more

*
Work on this subject is currently in progrese at Forest Products
Laboratory, Msdison, Wisconsin.
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fully in Ref. 1l.) Determination of the importance of these effects is one

of the goals of the test program outlined here.
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III. DESIGN OF TEST PANELS

The test program suggested here consists of the design of test panels
of selected materials and cores whose configuration theoretically provides
minimm weight over a range of loading intensity, fabrication and testing
of these panels, and cbmparison of experimental values of buckling stress
with the theoretical design values. The main consideration here is the
design of "optimm" panels, and this can best be demonstrated by an example.

| Figures 1-4" present theoreticai buckling curves for TOT5-T6 aluminum
alloy sandwich panels with four different densities of hexagonal cell
aluminum core. The compressive stress-strain curve for the face material,
taken from Ref. 2, is shown in Fig. 5. The buckling curves were computed
by a method which includes an approximation for ti'eat:lng the orthotropic
hexagonal cell core.(l) This approximation is good only for face stresses

6 (1 + kt)e as e |

up to o = B « Curves were extended beyond this region by

t
the method suggested in Ref. 1. Determination of the region in which the

approximstion is valid is aided by a plot such as that shown in Fig. 6.
Combinations of ¢ and kt correspending to points below the curves shown for
various values of t/d (and hence G:,) are those for which the approximation
is valid.

'In these calculations, G!, was taken as (5/3)(t/d)a, and Goy Was
assumed to be (1/2)Géx. - Although the buckling curves were derived for in-
finitely long panels, they may be applied with slight (cénservative) error

to panels with lengths greater than about twice their widths.

*
The figures are gathered in Section V.

%
The nomenclature here and following is taken from Ref. 1.
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Figures 1l-k also show equ:lva.leﬁt stresses, or reduced stresses which
indicate the effect of core weight. The equivelent stress is equal to the
face stress multiplied by the ratio of the weight of the faces to the sum
~of the weight of the faces plus core. The equivalent stress curves shown
are drawn through points corresponding to face stresses of 70,000 and
80,000 psi that result respectively in plastic strains of .002 and .01
in./in. It is spparent fram the equivalent stress curves for the two
values of vface stress that for some 'Qaluea of structural index, lighter
panels result if they are designed for the lower face stress. In a few
cases, slightly lighter panels would result if they were designed for
buckling stresses lower than 70,000 psi. »

The design procedure is illustrated in Table l.* For a selected value
of panel width, e.g., 10 in., and a éelected value of face stress, e.g.,
70,000 psi, values of q (the load per unit width on a panel) are computed
for a range of face gages from the relationship q = 2f¢g. The value of a/v
is then computed. With the aid of Fig. 7, & cross plot of kg versus q/b
(obtained from the buckling curves), the appropriate values of k. for the
computed values of q/b (and selected value of core demsity or t/d) are
obtained. ‘Then c¢ (core thickness) is computed from the relationship
cs= f/kt. This procedure is continued in Table 1 for face stresses of

*% ' '
70,000 and 80,000 psi, panel widths of 10, 15, and 20 in., four values of

* ' ,
The tables are gathered in Section VI, !

**The maximum allowable plastic strain in a structure depends on geometry
and application, but it appears unlikely that plastic strains above .0l .
in,./in. could be tolerated in most flight structures. However, it would be
interesting to know if panels can be designed to remain unbuckled up to that
strain. Therefore, 1ls were designed to buckle at a face stress of
80,000 psi (.01 in./in. plastic strain) for those values of q/b for which
they are theoretically lighter than panels designed to buckle at 70,000 psi
(.002 in./in. plastic strain).
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core density parameter, t/d, and several standard skin thickness gages.
(Computations were carried out with more accuracy than the procedure
warrants, considering material variations, cross-plotting, etc. Core
thickness within .0l in. of values shown should certainly be satisfactory.)

The procedure is repeated in Tables 2 and 3 for titanium sandwich
panels with sguare cell honeycomb cores. The core material is commercially
pure titanium and the faces 6A1-4V titanium alloy, in both the heat treated
condition and the snnealed condition (in case ammealing results from the
brazing process). The titanium stress-strain curves are shown in Fig. 8
and are taken from Ref. 3. Although these are tensile stress-strain curves,
they were used because of a lack of comparable compressive data.

Buckling curves are shown in Figs. 9-1ll for heat treated faces and in
Figs. 12-14 for annealed faces., For these curves, G;, and G(':y were both
assumed to be equal to (t/d)Gc. The curves which abruptly become horizontal
do this at the shea: buckling stress. If the bending rigidity of the indi=-
vidual faces were not neglected, these curves would continue to rise
gradually.

Equivalent stress curves are also shown in these figures (Figs. 9-11
and 12-1%) for face stresses which result in plastic strains of .002 and
.0l in./in. In these cases equivalent stress is computed as before, but is
then multiplied by the ratio of the density of aluminum to the density of
titanium to normalize the equivalent stress curves to aluminum. It is
interesting to note that the equivalent stress curves show that there is
little advantage in desigriing panels for buckling at the higher face stress.
For values of q/b for which lighter panels result when designed for the

lower face stress the increased core thickness required to achieve a.dequa.te‘
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stiffness at the higher face stress more than counteracts the increased
face thickness required at the lower face stress. The design procedure
illustrated in Tables 2 and 3 was carried out only for face stresses
corresponding to plastic strains of .002 in./in. The k, — g/b cross plots

used are shown in Figs. 15 and 16.
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IV. DISCUSSION

There are many factors to be considered and choices to be made prior

to the fabrication and the actual testing of panels, gSelection of the

perameters to be included in a test program will probably be determined

in part by the desire to obtain test results which can be related to

specific applications of sandwich construction. The choices to be made

(and some of the factors to be cdnsidered) include:

1.

5.

face material (specific applications, availability of desired

gages)

core material, type and density (specific applications,

resistance to face wrinkling and monocell buckling, resis-

tance to crushing during fabrication, availability and cost)
stress (or strain) limitation (applications, desirability if
investigating plasticity effects)

width of test panels (applications, capabilities of test
facilities)

range of loading intensity (applications, scope of investi-

gation).

The number of panels to be tested depends on the goals of the test

program - whether it is only desired to establish 1f predicted strengths

can be attained or whether it is desired to establish confidence levels

for attainable strengths. More panels will probably be required for the

latter case, and unfortunately the required number may depend on initial

results,

If the selected parameters are covered in the Tables in Sectiom VI,

the configuration of 'optimum' panels can be obtained there. Othervise,
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repetition of the procedure in the previous section will supply the
configurations for a series of ‘optimum' panels.

Testing these panels will determine whether the strength properties
(and weight advantages) predicted for sandwich construction are realistic,
Experimental results, the stress (adjusted to equivalent stress) and the
structural index, q/b , at failure can be compared with theoretical curves
for the given face material and core, allowing evaluation of the adequacy
of theory. In the event that theoretical strengths are not attalned,
further investigation directed toward isolation and evaluation of strength

reducing effects such as those mentioned previously will be necessary.
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Fig.5—Stress-strain curve for 7075-T6 aluminum
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VI. TABIES 1 to 3




b
(in.)

.015
0020
.025
.032
.0ko
051
.06l

.015
.020
.025
.032
.om
.051
064
072
.081
.091

.015
0020
.025
.032
00)40
.051
.064
072
- .081

.091
.102
.125
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= 2f¢
(lb/in.) (psi)

2100
2800
3500
4480

5600
7140
8960

2100
2800
3500
LS80

5600
7140
8960
10,080
11,340
12,740

2100

3500
4480
5600
7140

10,080
11,340

lh 280
17,500

DESIGN OF ALUMINUM PANELS

Table 1

Face stress, ¢ = 70,000 psi; (0.2% plastic strain)

q/b

210
280

350
448

560
71k
896

140
187
233
299
373
476
297
672
756
89

105
140

175
224

357
448

504
567
637
71k
875

t/d = .00k4 t/a = .008 t/d = .012 t/d = .016
k c k c k ¢ k c
t (in.) t t t

width, b = 10 in,
.040 .375 .0k2 .357 .Oh2 .357 .043 .349
.052 .385 .056 .357 .057 .351 .058 .345
.065 .385 .070 .357 .O71 .352 .0725 .345
.082 .390 .089 .360 .091 .352  .09L4 .340
.100 . .115 348 .1167 .33  .1183 .338
1215 420 14 .362  .1507 .338  .1533 .333
.17 435

width, b = 15 in.
027 .556 .028 .536 .028 .536 .028 «536
.0355 .563  .0375 .533 .0385 .519 .0385 .519
.0L3 .581  .0L68 534 047 .532 .048 .521
.0558 573 .0597 .536  .0604 .530 .062 .516
0693 .ST7T  .OTh3 .538  .0756 .529 775 .516
.0867 588  .095 <537  .097 .526 .510
.105 610 .1188 539 125 .512 .1267 .505
116 621 .1333 LS540 142 490 L1bk .500
.1275 .635 .149 .54l L1600 +506
cl)"'o 0650

width, b = 20 in.
.020 750 .02 150 .02 750 .02 .750
027 T4l 028 T .028 LT 028 STk
.0333 .51 ,035 .71 .0358 698 .0358 .698
0k2 S762  .0hks5 .T19 .0k96 JT7T .06 .696
.052 L7169 0598 LT17T 0565 .708 .058 .690
0663 769 071 .T18  .o727 .02 073 .699
.082 .780 .089 719 .091 .703 094 681
091 791  .1005 716 .10k 692 106 679
.1005 806 .1127 719 .18 686  .1209 675
L1107 822  .1265 .T19 .13k 679 .1356 671
1214 8o L1kl 723 .1505 678  .1535 664
1440 868 -




f
(in.)

015
.020
.025
.032
.0k0
051
.061"

.020
.025
.032
.0h0
.051
.064
072
.081

.025
.032
.0ko
.051
.06k
072
.081
.091
.102
.125

= 2fo
(lb/in ) (psi)

2400
3200
4000
5120
6400
8160
10,240

3200
4000
5120
6400
8160
10,240
11,520
12,960

5120
6400
8160
10,240
11,520
12,960
1k, 560
16,320
20,000

q/v

240
320
400
512
640
816
102k

512

728
816
1000

Table 1 (continued)
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Face stress, o = 80,000 psi; (1% plastic strain)

31

t/d = .004 t/da = .008 ~t/da = .012 t/d = .016
kt _c 'kt c kt c kt c
(in.)
width, b = 10 in.
.0279 .538  .0285 .526
.036 .556 .038 .526
.okh1 .567 .OhT1 .531 .0k8s .515 .0kol .509
.056 571  .0605 .529  .0622 .51k  ,0632 .506
.069 .580 .0756 .529 .078 .513  .0794 .504
.086 .593  .0959 .532 .10 .510 .102 500
103k 619 120 .533  .1264 .506 .1298 493
width, b = 15 in.
.025 800 .0255 .784
.0302 828 .0316 .T91 -
.0381 Bho 0402 .796 .04l 779
.OhL7 851 .0501 798  .0517 LTTH L0522 .766
.059 864k 06Uk 792  .066 773 .0675 .T56
L0732 874 .0804 .796  .083L 767 .085 .753
.0817 881 .091 .91 .094 766 .0958 .52
.0902 898 .1015 .798  .1061 763 .1085 TR
width, b = 20 in.
.0235  1.064
.0293  1.092 .0303 1.056
0360 1,111 .0380 1.053
045 1.133 .0481 1.060 .04OL 1.032 .0501 1.018
.056 1.143 .0606 1.056 .0622 1.029 .063% 1.009
L0625 1.152 .0680 1.059 .070 1.029 .0711 1.013
0698 1.160 .0763 1.062 .079 1.025 .082 .988
O777 - 1.171 L0857 1.062 .089 1.022 .0908 1.002
.086 1.186 .0959 1.064 .10 1,020 .102 1.000
L1015 1.232  .117 1.068 .123 1.016 .1264 .989
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£
(in.)

001)"'
.020
.025
.032
.036
045
.055
.063
071
.080
.090
.100
112
.125

.01l
0020
025
.032
.036
.05
<055
.063
071
.080
.090
+100
.112
.125

.01k
.020
025
.032
.036
.0l5

Table 2

DESIGN OF HEAT TREATED TITANIUM PANELS

Face stress, o = 161,000 psi; (0.2% plastic strain)

= 21
%lb /in(.r)

1508
6410
8050

"10,30L

11,592
14,490
17,710
20,286
22,862
25,760
28,9680
32,200
36,06k
40,250

L4508

6L4LO

8050
10,304
11,592
1k, 490
17,710
20,286
22,862
25,760
32,200
36,064
40,250

4508
6440
8050
10,304
11,592
14,490

a/b
(psi)

376
537
671
859
966
1208
1476
1691
1905
2147
2415
2683
3005
335k

282
k03
503
6Lk
725
906
1107
1268
1429
1610
1811
2012
2254
2516

205
293
366
468
527
659

t/d = .00k t/d = .008 t/d = 012
k c k c k c
t (in.) t t
width, b = 12 in.
0245 571 .0258 .543  ,0260 .538
0341 587  .036L4 549 .0370 .541
O0kL16 600 ,Ok51 .554  .0W65 - .538
.0502 637 .0570 561 ,0591 .5h1
.0551 653 064 .563 L0665 .54l
.065 .692 .0788 571 .0829  .543
0Tk “uTh3 .09k .585 .1015 .542
079 797 .1058 .595 .1161  .543
171 606  ,1308  .543
.1298 616 1472 .543
L1436 .627 —
width, b = 16 in.
.0261 .766  .0276 725 .028 <T1h
0371 674 L0342 731 .035 el
.0ko 800 .0435 .736  Ol45  .T19
.Ohl 818 .0487 .739 .050 .T20
.0525 857 .0601 LTH9 L0625  .T20
0611 .900 .0728 .755 .0760 .72h4
0672 .938 .0821 .67  .087 .24
L0728 975 L0912 .T79 098 T
0776 1.031 .1011 .91 .,1108 722
, w2120 803 .1242 .725
.123 813 .1381 .72k
.1353 828 ,1549 .723
width, b = 22 in.
' .022 .909 .022 .909
.02l 1.042 ,025 1.000 .0253 .988
.03 1.067 .0319 1.003 .0321 .997
0336 1.071 .0357 1.008 .0366 .984
Oh09 1,100 .OuLh4 1,014 .0461 976
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Table 2 (continued)
t/d = .00k4 t/a = .008 t/d = .012
£ g=2fc q/b X c k c k ce

(in,) (1b/in.) (psi) () Y 6

.055 17,710 805 LOb79 1,148  .0538 1.022  .0555 .991
063 20,286 922 0532 1.18% .06l2 1,029 .0633 .995
071 22,862 1039 ,0582 1,220 .0687 1.033 .07+ .99L
.080 25,760 1171 0639 1.252 .0767 1.043 .0803 .996
+090 28,980 1317 L0691 1.302 .085 1.059 .0903 .997
.100 32,200  1h6h 0739 1.353 .0933 1.072 .100k .996
.112 36,064 1639 0780 1l.436 ,1029 1.088 .1127 .994
.125 40,250 1830 : .113 1.106 .1256  .995
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£
(in.)

01k
.020
0025
0032
.036
LOU5
.055
.063
071
.080
.090
.100
112
.125

.01k
.020
025
.032
.036
045
<055
063
a07l
.080
0090
100
.112
125

Ol
.020
.025
.032
.036
.045
.055

Table 3

DESIGN OF ANNEALED TITANIUM PANELS

Face stress, ¢ = 128,000 psi; (0.2% plastic strain)

q = 2fo
(1b/in.) (psi)

3584
5120
6400
8192
9216
11,520
14,080
16,128
18,176
20,480
23,040
25, 600
28,672
32,000

3584
5120
6400
8192
9216
11,520
14,080
16,128
18,176
20,480
23,040
25,600
28,672
32,000

3584
5120
6400
8192
9216
11,520
14,080

a/v

1136

1792

163
233
291
3712
419
524
640

t/d = .00k t/d = .008 t/d = 012
k c k c k c
t (in.) T t
width, b = 12 in.
0219 .639 .0221 .633 .0221 .633
.030 667 .0316 .633  .0317 .631
037 676 .0393 636 .0kl .610
.0L69 682 .05 640 052 .615
.052 .692 .0558 .6ks  ,0588 .612
0631 713 0692 650 .0735 .612
OT7h .73  .08kL2 653  .0898 .612
.082 .T68  .0961 656 ,1026 .61k
.089 .798 .108 657 .1155 .615
0953 ..839  .1215 658 .1301  .615
.136 662 18 622
.1506 .66k ,1593  .628
width, b = 16 in.
.023 870 .0238 8ho  .0238 .8ko
.0282 887  .0298 839 .0299 .836
0357 896  .0379 B4k 0386 .829
.0397 .907 .0422 853  .0433 .831
.0h9 918 .0525 857 .0549 .820
.0589 934k  .0639 861 .067T1 .B20
.0658 957 .0728 865  .OTT .818
.0721 .985 .0816 870 .0867 .B19
079 1.013 .0919 871 0979 .817
.086 1.047  .103 L7 L110 .818
.092 1.087 .114 877  .1219  .820
0979  1l.1kk 1272 881 ,1358 .825
L1415 .883 ,1501 .833
width, b = 22 in.
0211 1,185 .0215 1.163 .0215 1,163
L0264 1,212  .0275 1l.164 .0276 1.159
0297 1,212 ,031 1.161 .0312 1.154
036F 1,236 ,0387 1.163 .0394 1,142
LOuh 1.250 .Ou4T L0485 1.134

1.170



(in.)

.063
071
.080
.090
.100
112
.125

= 2f
%1b/in?)

16,128
18,176
20,480
23,040
25,600
28,672
32,000
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Table 3 (continued)
t/a = 004 t/d = .008 t/d = 012
a/v k, ¢ k, e ky c
(psi) (in.)

733 L0499 1,263 .053% 1.180 .0559
826 0556 1,277 060 1,183 .0631
931 0618 1,294 .0671 1.192 .0711
1047 0678 1,327 .0755 1.192 .0799
1164 0735 1.361 .0837 1.195 .089

1303 0801 1.398 .0933 1.200 .0994
1455 0866 1.h43 104 1.202 .111

KEBEEEE
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