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I. INTRODUCTION AND SUMMARY

The number of applications being found for high modulus fiber reinforced H
. resin composites is steadily increasing in both aerospace and commercial areas. f
Their advantages - low density, high stiffness and high strength - are limited, :
however, by high cost and brittle fracture in potentially large volume use
- areas such as gas turbine fan blades and helicopter rotor blades. Brittle or
catastrophic fracture with drastic loss of dynamic properties, the result of
impact by foreign objects, is at present the primary technical problem which
must be solved before ascceptance in such application areas is achieved., The
desirable properties of composites make this a worthwhile gosal.

FOPE

Most studies of composite impact behavior have utilized the Charpy test to
examine the effect of material variables and to compare the performance of differ-
ent composite systems. Work at United Aircraft Research Laboratories (UARL) has
shown it is possible to increase the Charpy impact strength of graphite-resin
composites through modification of interfacial strength by use of untreated
graphite fibers, selection of fibers with high strength, or addition of glass or
Kevlar-49 prepreg layers to form graphite epoxy hybrid composites (Ref. 1).
Ballistic testing of hybrid composites conducted under NASA sponsorship (Bef. 2)
has also demonstrated improved behavior for graphite fiber based composites.

Other investigators have also found merit in the hybrid approach to improving
= composite impact behavior. Chamis, et al (Ref. 3) related impact resistance to
combined fracture modes consisting of fiber breakage, fiber pullout and interply
delamination. It was shown that the "hybrid composite", i.e. a composite which
consists of two or more different fiber/matrix combinations, takes advantage of
two or more of these failure modes to improve impact resistance over the basic
graphite-epoxy system. :

Simon (Ref. 4), using hybrid composites consisting of 15 percent Kevlar-Lg
with Modmor II graphite, obtained a 50-60 percent increase in impact resistance
compared to an all Modmor IIS epoxy composite but with some sacrifice in inter-
laminar shear strength. '

Because the hybrid fiber approach had demonstrated improvement in composite
impact strength, a systematic investigation of graphite, S-glass and Kevlar-49
hybrid reinforced resin composites was initiated at UARL under NASA-Lewis sponsor-
ship. The overall objective of the program was to design, fabricate and test
unidirectional and angleply multifiber laminates for improved impact strength
and other mechanical properties} Determination of differences in energy absorp-

- tion characteristics and the relationship between multi-fiber laminate impact

semy i St 3
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behavior and flexural and shear properties as well as a correlation between
ballistic and pendulum impact response were part of the overall objective. In
addition, the effect of high temperature matrix resins on these properties was
investigated. !

This investigation was divided into four basic tasks. The initial phase
was devoted to investigating multi-fiber dispersion variables and effects of hy-
brid fiber ply configurations on epoxy resin composite mechanical properties
including shear, flexural and pendulum impact strengths. Task II involved the
evaluation of thin angle-ply multi-fiber epoxy resin composites in both pendulum
and ballistic impact as well as the effect of composite thickness on pendulum
impact strengths. The seven unidirectional hybrid fiber ply cbnfigurations which
provided the best combination of Impact, flexural and shear properties from Tasks
I and II were subjected to further room temperature mechanical property charac-
terization in Task III. The same seven laminate configurations were further eval-
uated at low and elevated temperatures in Task IV using epoxy, polyimide and
polyphenylquinoxaline resin matrices. Primary fibers throughout the investigation
were AS and HMS graphite while S-glass and Kevlar-U49 III were the secondary fibers.

In Task I the hybrid fiber ply constructions investigated included interply,
intraply, core-shell and inter-intraply. Particular emphasis was directed toward
the intraply hybrid fiber configuration. The study showed that a tow-by-tow ply
layup gave superior pendulum impact performance compared to a more disperéed
graphite/glass or graphite Kevlar-49 reinforcement when tested in a standard
Charpy impsact configuration. In general, glass was found to be superior to Kevlar
49 as a hybridizing fiber for strength and impact properties. Core=-shell hybrids
were characterized by large bending modulus reductions as the percentage of sec=-
ondary fiber was increased. The interply configuration resulted in the highest
moduli for a given hybrid fiber content. The multi-fiber composite shear strength
was generally limited by the weakest link. It was also found that additions of
Kevlar 49 to HMS graphite did not provide significent improvements in impact
(standard Charpy) regardless of ply construction. The best combination of
Charpy. impact strength and mechanical properties was given by the AS/S—glass
intraply (tow=by-tow) system which showed no decrease in flexural strength or
modulus, using up to 25 v/o glass, .compared with homogeneous AS, with 134 to
150 percent improvement in impact strength. Additional studies in Task I in=-
cluded the effect of specimen thickness on instrumented Charpy impact properties
and development of a computer program to facilitate calculation of the flexural
modulus of hybrid composites. '

Three angle-ply configurations combined with three hybrid fiber constructions
were used in Task II to evaluate ballistic vs pendulum impact response and the
effect of composite thickness on the latter test. Results showed that at compos-
ite thickness levels below 0.508 cm (0.200 in.), the AS/S-glass intraply gave
superior performance in pendulum impact, ‘




The ballistic damage parameter (E/V) which relates projectile energy and
composite impact affected volume was found to provide correlation with
rendulum impact results in that the same ranking order of composites based on
data from both tests was obtezined.

To provide additional correlation between the ballistic and pendulum impact
tests, sixteen unidirectional multi-fiber composites selected on the basis of
composite modulus [above 131 GN/m? (19 x 10° psi)] and having an average thick-
ness of 0.254% cm (0,100 in.) were impacted using the instrumented Charpy test.

A different order of composite ranking was obtained compared to the results using
standard Charpy specimens, Flexural and shear stress interaction diagrams were
constructed to demonstrate the importance of span~to-depth ratio in the pendulum
impact test. o

Based on the results of Tasks I and II, seven multi-fiber hybrid construc-
tions were selected for further mechanical property characterization in Task IIT.
The epoxy resin unidirectional laminates included three HMS/S-glass (one intra-
Ply end two interply), two AS/Kevlar-49 (intraply and interply), and two AS/
S-glass (intraply and interply) systems. Tests included longitudinal tension
and compression, transverse tension and compression and shear strength at room
temperature. The same seven laminates were tested at -65°F, room temperature,
300°F and 600°F for flexure, shear, and thin pendulum impact as well as coefficient
of thermal expansion in Task IV, Resin matrices included epoxy, polyimide (PMR-

'15) and polyphenylquinoxaline.

No unexpected results were obtained in the Task III evaluations. The
transverse tensile compressive data reflected the difference between the intra-
ply and interply ply constructions in that with the latter only the fiber layers
having the highest transverse strengths are involved in load transfer while in

“the intraply configuration the combined fiber content is involved. In contrast,
Vthe longitudinal properties were found to be relatively insensitive to ply con-

struction. The results from Task IV showed the AS/S-glass/polyimide’intraply
composite provided the best combination of properties over the temperature
range investigated. : '
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II. TASK I - PRELIMINARY COMPOSITE LAMINATE CONFIGURATION SCREENING

The four types of multi-fiber ply construction ased throughout the inves~
tigation are defined as follows:

Laminate
e o, Designation Description
1 Intraply hybrid A unidirectional composite/ply made from
' a uniformly distributed mixture of primary
and secondary fibers.

2 Inter-intraply A laminate made by stacking intraply hybrid
(Interspersed) , with homogeneous primary fiber plys.
laminate

3 Interply hybrid A laminate made by stacking homogeneous.
laminate ‘ primary with homogeneous secondary fiber plys.

n Selective A laminate made by stacking homogeneous

' reinforcement primary and sécondary and/or intraply hybrid
fiber plys in "shell/core" or "core/shell"
configurations.

The laminate design configurations which were tested during Tasks Tda and
Iv are shown in Table I.

Hercules Inc. graphite fibers, HMS and AS types, were used throughout the
investigation. Both types were coated with a medium sizing (epoxy composites
only) by the manufacturer to enhance interfacial bond strength. Union Carbide
T.75 graphite was used in two of the inter-intraply type laminates. Ferro Inc.
961 S-glass (20 ends), Owens-Corning S5-901 (12 ends), and DuPont Kevliar 49 ILI
roving of 4560 denier were the hybridizing fibers. Kevlar 49 and PRD-49 are
used interchangeably to identify this fiber. Dispersed fiber combinations were
obtained from Heltra Inc. An air dispersion method was employed for spreading
and partially mixing continuous filaments followed by drum winding the spread
hybrid fiber tows., The fibers were combined in 8.9 cm (3.5 in.) wide, 0.00381
em (0.0015 in.) thick tows which were subsequently drum wound in a dry condition
for three revolutions of the drum, then costed with resin. Thils process was con-
tinued to produce & twelve ply prepreg tape., The epoxy resin composites were
all fabricated using Union Carbide ERLA-461TA with Furan hardener‘92h5 as mabrix
resin by the procedure described in the eppendix. ' ‘

s

b TR TU IR syl W g o e SR L Tt



TR SRS T R

TOTTTRRRTEIRATI T L

‘COmpbsition Laminate

Table I
T.aminate Design Configurations - Phase 1

Approx. Vol. %, Secondary Fibers

Type Type Composition or Intraply Hybrid Plys
‘1‘_ 1 AS/S-glass 15
2 1 HMS /S-glass 50, 25, 10
3 1 As/ PRD—l&9—iII lk5 |
o 1 HMS/PRD-49-III 50, 10
5' 1 AS'/S—glass ?O/l@ (Composition of the’ laminate
PRD-49-IIT is T0% AS, 20% glass, and 10% PRD)
6 1 AHMS/S-glass 20/40 (Composition of the laminate
, PRD-LO-ITI is 40% HMS, 20% glass, and 40% PRD)
. . ,AS
T : AS g-glass 20
8 2 S-glass/a=l2—— 95, 90
S=-glass
,9 2 | ‘}’mis/?-dzlaSS 20
| 10 2 S-glass/w— 85, 80

S-glass

Typical Laminate*¥
Cross Section

_—AS or HMS

°Q°Q°e 0

tPRD or glass

/-AS or HMS

doOOOO 0o

L—PRD \—glas ]

AS or HMS

000 0°0O

AS or HMS |

OOOOO
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Teble I (Cont'd)

| Composition Laminate : Approx. Vol. %, Secondary Fibers Typical Leminate*¥*
Me Type Composition or Intraply Hybrid Plys Cross _Section
11 3 AS/S-glass 20, 10 PRD or glass
S et , AS  or HMS
12 3 ~ AS/PRD-49-III 30, 10 ‘ PRD or glass
13 ’ 3 - HMS/S-glass 50, 25, 10 PRD or glass
14 3 HMS/PRD-b9-III 50, 10
‘Core Shell PRD or glass
5 W a8 S-glass 20, 10 ' AS or HMS
PRD or glass
6 -k AS -~ PRD-M9-III 30, 10
17 L HMS S-glass 50, 25, 10
18 i HMS ~ PRD-W9-TII 350, 10
19a L HMS AS/S-glass Percentages of glass in the shell Glass
' are 20 and 10%. The ratios of pri- AS
mary fibers in core to secondary : HMS
fibers in shell*are T7.5:1 and 15:1. AD
N | Glass
196 4 HMS  AS/S-glass 60000
' : (Intraply Same as above (composition 19a) HMS
Hybrid) : O°cO o
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Table T {Cont'd)

 Composition Laminate B Approx. Vol. %, Secondary Fibers

Type ~+  Type mepogition or Intraply Hybrid Plys

Core ‘Shell

20a o HMS HMS/S-glass  Percentages of glass in the shell
: are 50, 25, and 10%. The ratios
of primary fiber in core to

secondary fibers in shel® are 3:1,
9:1, and 15:1. '

206 k HMS HMS/S~glass ,
: (Intraply Same as above (composition 20a)
Hybrid) '

*¥Two laminates to be fabricated and percentages of components to be selected
after completion of testing of Type 1 laminates.

**¥The typical laminate cross sections are for illustration purposes only and
‘they do not represent the number of plies in the laminate,

Typical Laminate*#*
Cross Section

o000 0 O

Glass
HMS

Glass

Q00 C
HMS




The physical properties of all composites fabricated in Task I which includes
density, volume percent each fiber, volume percent resin and voids and the ply
construction employed are listed in Table II.

2,1 Preliminary Multi-Fiber Dispersion Process Study

To determine the effect of degree of hybrid fiber dispersion on intraply
composite properties a series of Type 1 laminates (see Table I) were fabricated
using Heltra air dispersed multi-fiber reinforcement and the corresponding tow=
by-tow reinforcement made using the same fibers combined by co~winding techniques
(see Appendix, section 8.4k)., Two of the five dispersed fiber combinations were
made by mechanical methods at UARL rather than with the Heltra air dispersion
system. ‘

The intention of the dispersed fiber approach was to achieve uniform mixing
of the primary and secondary filaments. The air dispersion process easily
spread the fiber tows employed but resulted in only limited intermixing of the
fiber types. Thus, uniform dispersion was not achieved and the effects of total
uniform fiber mixing on composite properties remains to be determined.

The flexural, shear and Charpy impact strengths of the intraply hybrid fiber
combinations made by dispersion (designated as Heltre) and those using the same
fibers combined by co-winding techniques (side~by-side tow - designated UARTL,) .
are listed in Teble III.

2.1.,1 Statie Properties *
2.,1.1.1 Shear Strength

For composites having HMS graphite as the primary fiber, the tow-by-tow
S-glass hybrids possessed increased shear strength over that of the primary fiber
composite, whereas the dispersed S-glass hybridized composites do notj in fact
the shear strengths were degraded. Kevlar 49 hydridization resulted in a slight
decrease in composite shear strength regardless of construction, apparently re=-
flecting the lower interfacial bond strength of Kevlar L9 epoxy.

‘ AS graphite primary fiber composites were, in general, much higher in shear
strength than the HMS systems. S-glass again was the more effective hybridizing

fiber compared to Kevlar 49, Comparison of composites No. 68 and 69, which

incorporate both.hybrldlzlng fivers in AS graphite, further demonstrates the "
superiority of the tow—bybtow construction over the dispersed type.




Table IT

Ph)lsica,l Properties of Epoxy-Hybrid Fiber Composites

" ORIGINAL PAGE IS
OF POOR QUALITY]

v/o
Composition Density Total
UARL No. Type g/ec Fiber
NAS-6 11 1.65 AS-53.7
§-6.6
NAS-8C 11 1.69 AB-49,.6
5-12.6
NAS-8B 11 1.71 AS-53,5
- 8-11.9
NAS-13 12 1.60 A5-59,2
PRD-5,15
" NAB-1k 12 1.54 AS-45,8
» PRD~19.9
NAS-15 13 1,73 EMS-61
5-T.1
NAS-154 13 1.69 M5-56,8
s-4.1
NAS-10 13 1.77 HME-49.6
S-15.4
NAS-9 13 1.83 Ms-3L,0
8-28.6
NAS-12A 14 1.62 HMS-52,2
: - PRD-L.2
NAS-11A 1k 1.54 HM3-35,8
PRD-25.6
NAS-20A 15 1,69 AS-55,0
5-9.6
NAS-17 15 1.7h As-55,2
. 5-14,3
"~ NAS-1TA 15 1,69 AS<49,7
§-12.2 .
NAS-26A 16 1,57 AS-Sk.1
PRD~5.3
NAS-23A 16 1.51 As-38,8
PRD-23.3
NAS=2} T 1,76 HMS-57.8
: 5-8.9
NAS-16A 17 1.7 EMS-BL.9
: : . R 5-16.4
- ‘NAS-18 S AT 1.83 HMS-30.6
. §-32.2
NAS-28 a8 1.63 HMS-55.k
PRD=6.,8
- NAS-19 18 1.5b MS-36.6
: PRD-26.6
NAS-34 19a-1 1.64 AS/HMS-55.0
s-4,3

vfo v/o
Resin  Void
39.7 0
39.0 0
3k,3 0.3
35.4 0,25
32,5 1,8
29.3 2.6
37.7 1.k
33.7 1.6
36.7 1.5
k1.7 1.9
36.9 3.5
35.0 - 0.4
30.3 0.2
B2 o0
ko.2 o;u
35.9' 2;9
30.8 2.6
ko,2 1.50
ah.s C 2.7
36.1 1.7

345 2.3
‘k38.7

2,0 -

Fiher Fiver
Ratio Ratio
vio v/o
{Theory) (Aetual)

AS-90 AS-B9.1
5-10 8-10,9
As-80 48-79.8
5-20 5-20.2
28-80 AS-81,7
§-20 £5-18,3
AS-90 AS-92
PRD-10 PRD-8
AS-70 AS-69,7
PRD-30 PRD-30.3
HMS-90 HnMs-89,6
5-10 §-10,k
HMS-90 HM5-93,25
S~10 5-6,75
HMS-T5 BMS-T6.4

© B-25 8-23.6

MMS-50 . HMS5h.3
8-50 5-15.7
HMS-90 HMS-92.5
PRD-10 PRD-T.5
HMS-50 HMS-58,2
PRD-50 " PRD-41.8
AS-50 AS-85
5-10 §-15
A5-80 AS5-T79.4
S5-20 5-20.6
AS-80 AS-80.2
§5-20 5-19,8
A5-90 AS-90,9
PRD=10 PRD-9,

- AS-T70 £5-62.5
PRD~30 PRD=37.5
HMS-90 . - HMS-B6.7

£-10 §-13.3
HMS-T5 HMS-T2

§-25 §-28
HMS-50 HME-UB.T

§-50 8-51.

EMS-90 - iMs-89.1
“ZRD-10 PRD-10,9

" HMS=50 HMS-5T.T
PRD-50 " PRD-42.3

go20

(Shell)

Ply Construction

A5()-8-8501)
AS{7)-B-8S5(}}-5-A5(2)
A5(2)~8-A5(1)~8-A5(5)
AB(y)-PRO-AS (1)
AS-PRD-AS5y~PRD-AS (5)-PRD-AS
B ()-8 151

RS (1)-8-H8 (1)
xns(a)-s-uns(e).s;ums‘z)
HMS-B-HMS-S-HMB-B
HYS(),y-PRD-HMS (1,
HMS~-PRD~-HMS~PRD-HMS~FRD
Bla/2)45(8)"(1/2)
5-AS()-8

S—AS(B)-S

PRD(1/2)~AB(8)~PRD(7 /2)

+ PRD(11/2)-A5(6)~FF(1-1/2)

8(1/2)-MM5(8)-5(1/2)
S-HMS(£3-8
S{ay=EM3(1,y-B(p)

PRD(y fo)-HMB(8)~FRD(1 /2)

PRD{)-1H5 1,)~FRD(3)

8(172)"A8(2)517,5)-48(2) 8 (1/2)




Table II (Cont'd)

Fiber Fiber L. -
v/e Ratio Ratio
Composition Density Total v/o via v/o vlo
 UARL No. Type glee Fiber Resin  Votd  (Theory)  (Actual) Tly Construction
NAS-35 19a-2 1.65 As/mMs-57.0 380 1.5 5-10 S{a/)-AB(2)-HHB(T) A8 2}-5 (14}
83,5 (She1l)
NAS-55 20u-1 1.68 HH-ho 40.3 2.0 §-50 W-B5.2  B-HuS(pj-8 *
8-8,5 , {3he1l) 8148
NAS-Sk 20a-2 1.65 HH-55,5 b2 1.3 8-25 HH-06,8  S(172WM(14)-S(1s2}
8-1.9 (8hell) 8.3,2
NAS-36 2-yARL® 1,81 HHSUG 37,6 0.1 HUE-15 WS-13.5 S/ {go-vound tow) 3
8-16,3 25 8-26.%
NAS-36A  2-UARL 18 mEse1b.9 o WBo 0.3 HMENO H-28,8 By {ro-vourd tow)
8-36.8 5-60 8-71,2 ;
fiAS-36B 2-UARL 1,93 Hi4=20. 4 R RM-33.2 S/ {co-vound tow] 1
§-l1.2 §-66,8 §
i
HAS-HT 2-Heltra 1.59 HM5-13,9 65,2 1.3 550 HME-NLL S/8M dispersed tow i
8-19.7 £-50 £-58,6 H
HAS-WTA B-Heltra 1.61 HMS5-11.5 616 0 HHS-50 HHB-35 S/hM dispersed tow
§.21.2 5-50 £-65
HAS-47B 2-Heltra® 1.63 HM-15.4 6x,2 1.0 HMS.50 HM4-40,T. B/HM dispersed tow :
: §-22.h §-50 8-59.3 I
HAS-UTC - 2-Heltra 1.93 #4-22.1 36 [ HM-34,4  O/#M {dispersed tow) :
5-h1.9 5-65.6 H
NAS=HTD 2-Heltra 1.84 HMa45.Y 30,8 0 1.3 H4-64 5/HM (Aispersed tow)
) 5-24,6 5-36
#AS-lg h-Heltra? 1.5k HS-15,1 5 0,3 1M8-50 HMS-27.4  HMS/TRD disperied ow
’ PRD-10,2 PRD-50 PRD-12.6
HAS-h9A -Heltrs® 1.43 HM5-20,1 s4,5 1,1 HMS=50 MM-LB,4 MMS/PED dispersed tow
' PRD-24,3 PRO-50 PRD-51.6
HAS-46 b-UARL® 1,16 HMS-25. 4 u8,6  a.b HMS-50 HMS-56,7  HMS/PRD co-wound tow
FRD-23,7 PRD-50 PRO-48.3
NAS-64 8 2,00 Ta5-4,0 387 O T-75-5 T-75-6,5 co=wound tow(y ya)/5 "
8-57.3 §-95 5-93.5 '
HAS-66 8 1,98 T-75-5,h Lo o T-15-10  1-75-9 2 co-vound tov(y3)/S
S-5L.6 5-90 5-91
NAS-6lp 10 191 T-75-8.6 K25 0.4 T-T5-15 T-75-15,1 ° ce-wound tow(y /)34 ) .
g-h8.5 5-85 8-84,9
NAS-66A 10 1,91 A-75-13.0 3.5 © T5:20 - 115215 2 co-vound tovpy79)/5
8-4T.5 s-Bo 8-78,5
NAS-68 5-Heltra 1,59 . AS-35.2 39.2 1.6 AB-T0 A5-59.%  Heltra dispersed tov
§-10,2 . 5-20 5-17.2
PRD-13.8 PRD~10 PRD-23.k
NAS-69 5-UARL 1.66 - AS-3T.0 32,8 2.0 AS-TD £8-56,8 co-wound tov
8-13.7 8-20 §-21,0
: . PRD-14.5 PRD-10 FRD~22:2
NAS-T2 9 1.17 HM5-56 28.6 - 2.9  H4s-Bo #M3-83,8 . - po-vound tow(y sy y/HN
8-12.5 §=20 s-18.2
NAS-TY 7 1.68 AB-53.k4 35.3 0.8 A5-80 £8-83,7 . co-vound tow[is1)/A8
8-10.5 520 5-16,3
! HASTE 1 116 sy 3T 0 15-85 iS75 - eo-vound tav 112 end glasa}
. 5-16.6 8-15 §-25
NAS=TB 3 A A5-59.3 311 . 1.0 AB-85 . - AS-BT.5 . co-wound tow {1/k PRO-US tow)
PRO-8.6 . PRD-15 PRD-12.5
NAS=1 1.57 AS-5Tsf - B1.8 - 0.5 A5-100
KAS=1a R 1.60 AS-59.8 Wz 0 £3-100 .
NAS-3s 2,28 566 34,0 £-100
NAS=5 1,38 PRD=66.9 311 ¢ R.O PRD10D

HAB-BY : 1.65 W63 - 36,6 0.6 HEM100 : . Ogl GmAL PAGE B *
| | - UF POOR QuaLTy,
?Pxepreg tapé made by cc-vlndinu alternating tows of fibers ’ V

Biigpersed tove as received from Heltrk Ine.

“pispersed ‘tows made at, UARL
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& o | |  Table III

Flexural and Shear Properties df Intraply Epoxy Hybrid Fiber Composites

Short Beam Flexural . Flexural Modulus®
Composite  Intraply Fiber Shear?P Strength®
No. - Construction® Ratio, v/o MN/m?  (psi) GN/m?  (ksi) GN/m*> (psi x 10%)
“W7C 2-Heltra HMS-3k. 14 45,2 (6560) 1.13  (16L4.1) 116 (16.8)
o S§-65.6 : :
4D . 2-Heltra  HMS-6k 36.7  (5300) 1.25  (1B1.5) 158 (22.95)
' ' : ‘ 5-36 , ‘
36 2-UARL  HMS-T3.5 56.5 (8200) 1.18  (171) 142 (20.6)
s 8-26.5
é - - 36B - 2=UARL | HMS-33.2 68.5  (9950) 1.16 (168.5) 110 (16)
B ‘ : S-66.8
36A O-UARL HMS-28.8 71.0  (10,300)  0.87  (126) 82.6 (12)
ﬁ hé 4 ~UARL : HMS-51.7 43.5  (6300) 0.61 (88.5) 102 (14.8)
' ' Kevlar-48,3
. 49 h-Heltra HMS-27 .4 45.6  (6625) 0.716  (10k4) 86 (12.5)
e L Kevlar-72.6 ~ ‘
4  h9A ‘ L-Heltra - HMS-L8.4 45.5  (6600) 0.765 (111) 87.5 (12.7)
: ‘ ' Kevlar-51.6
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Table III (Cont'd)

R, . Short Beam .
Composite Intraply Fiber Shear?
No.  Construction® ; Ratio, v/o Mi/m?®  (psi)
68 5-Heltra AS-59.4 6.3 (9320)
S=1T.2
Kevlar-23.4
69 5-UARL AS=<56.8 84.5 (12,270)
) S5=21.0
Kevliar-22.2
76 1-UARL - AS-T5 (18,250)
s-25
7 3-UARL AS-87.5 (1%,900)
Kevliar=12.5
1 - AS 12k (17,980)
3a - S-glass 109.2  (15,875)
5 - Kevlar-h9 1.5 (6030)
61 - HMS 49 (7100)

’aUARLf= tow-by-tow prepreg; Heltra =
bshort beam shear, $/D = 4/1
CFlexursal test - 3 point, 8/D = 32/1

dispersed fiber prepreg

Flexural

Strengthc
GN/m?  (ksi)
1.86 (270.8)
2.02 (293)
1.9 (275)
1.9 (275)
0.68  (98.4)
1.18 (172)

Flexural Modulus®

G-N/m2 {psi x loﬁl

127 (18.5)
126 (18.3)
125 (18.1)
55.9 (8.1)
75.8 (11)
190 (27.5)

e B TR i e bR R (7 N2



2.1.1.2 Flexural Properties

HMS graphite composites hybridized with S-glass show no change in flexural
strength compared to the primary fiber system regardless of intraply construction.
On the other hand, introduction of Kevlar 49 results in a decrease in flexural
strength relative to the HMS composite which is primarily due to the low flexural
strength of the Kevlar 49 system. The data indicate that the dispersed construc-
tion may be slightly stronger in flexure than the tow-by-tow type.

In the AS graphite composites the excellent flexural strengths of the pri-
mary fiber are retained using either hybridizing fiber or construction type.
There appears to be little effect of ply construction on modulus when comparison
of composites of similar fiber ratios and type are made. However, of particnlar
interest is the equivalent moduli obtained with the tow-by-tow AS/S-glass and
AS/Kevlar 49 composites (No. 76 and 78). Based on fiber volume fraction the
modulus of the latter composite should be higher (142 GN/m2). It is hypothesized
that the lower than expected modulus of the AB/Kevliar 49 system is due to the
contribution of the much lower shear modulus ¢f Kevlar 49 vs S-glass. Shear
deflection is not accounted for in the equations used to calculate flexural
modulus.

2.,1.2 Dynamic Properties

Comparison of the Charpy impact data of the comparable HMS/S-glass fiber
ratios shows that the tow-by-tow construction gives composites having higher
total impact energy (Ep) than the dispersed fiber system. For example, 36B >
47C and 36 > WD even though No. 36 contains less S-glass in the composite.

Indication of why the tow-by-tow configuration provides improved impact
resistance compared to the dispersed configuration can be seen in Fig. 1 which
shows the end fractures of two of the above-listed composites. In the dispersed
composites the shear fracture planes are, in general, uninterrupted and straight
through the laminate. In the corresponding tow-by-~tow composites the shear frac-
ture planes are interrupted and angular in the area of the graphite fiber bundles
which apparently requires a greater dissipation of energy in the fracture of the
composite, This is also reflected in the load at initial fracture (Pl) and mexi-
mum load (Ppayx) ottained in the load-time trace of the Charpy impact test as
1isted in Table IV, As pointed out above the short beam shear strength of the
tow-by-tow construction was significantly higher than that of the dispersed fiber
construction. On the other hand, the flexural strengths and modulus of the com-
posites of similar fiber ratios are essentially the same. This further demon-
strates the importance of shear behavior in the standard Charpy impact test.

P; was determined as being the point at which a change in slope occurred in the
initial portion of the load-time curve. Tt was found that HMS/S-glass dispersed
construction is similar in impact response to HMS alone while the tow-by-tow
composite shows the influence of added S-glass. ' : k
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FRACTURE MODE OF HMS/S GLASS INTRAPLY EPOXY COMPOSITES

NAS-47D NAS-36
HELTRA-2 UARL-2
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FIG. 1



HMS/Kevlar 49 composites did not give as wide a variation in impact strength
between the two constructions. However, the tow-by-tow type did result in a
higher Ppgx load (Table IV) which was considerably higher than that obtained with
either HMS or Kevlar 49 alone. This points out the value of the instrumented
test for a complete characterization of a material's response to impact. These
results are compatible with data obtained on interply and core/shell laminates
which showed that the total Charpy impact strength of a unidirectional HMS/Kevlar
49 composite is essentially the same regardless of the ply construction employed.
These data are discussed below.

The AS/S-glass/Kevlar 49 composites had the same load parameters for both
types of construction. However, the Charpy impact strengths for the tow~by=-tow
construction was nearly double that of the dispersed system (Table IV) as was
verified by a larger area under the load-time curve. Analysis of the fracture
mode showed that, as in the HMS/S-glass laminates, the tow-by-tow construction
resulted in angular, out of plane fracture paths. The two AS tow-by-tow laminates
hydridized with S-glass (No. 76) and Kevlar 49 (No. 78), which gave nearly the
same static properties, were -considerably different in impact response. The
former system, having the typical out-of-plane shear fracture pattern, had twice
the impact strength of the latter,

It is hypothesized that the controlling factor in the Charpy impact behavior
‘of these hybrid composites is the interlaminar shear failure of the weakest layer,
generally HMS graphite or Kevlar 49. This results in similar P; loads for the
dispersed intraply and standard HMS composites as listed in Table IV, However,
the tow-by-tow intraply composites, because of ply construction, have no continu~
ous layers of graphite; rather the graphite tows effectively line up at an angle
to produce a graphite layer out of the plane of the interlaminar shear stress.
This presumably requires a higher load to initiate and/or propagate failure.

The standard Charpy test is carried out at a span-to-depth ratio of 4 to
1 (L/h = 4). The results described above demonstrate the primary failure mode
is shear. It is important to recognize therefore that standard Charpy impact
data should be used to determine impact resistance levels only in applications
which are to involve loads at low L/h ratios. The effect of using lower L/h
ratios will be discussed below. : L :

~ Based on this evidence it was concluded that the side-by-side tow configu-
ration does proviide a greater resistance to impact than the more intimately
dispersed fiber reinforcement. Consequently, the remaining intraply composites
of Type 1 and 2 laminates were fabricated using side~by-side tows. It should
be noted, however, that uniform fiber dispersion should be better than the tow-
by~tow configuration in limiting catastrophic crack propagaetion due to fiber
breakage. ThekCharpy specimens failed in part by delamination and complete
- fiber uniformity was not achieved, so the principle in actual fact was not tested.

15
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UARL No.

- NAS-kTC

NAS-hTD

- NAS-36
~ NAS-36B
~ NAS-36A

NAS-}E

NAS-Lg

NAS-49A

© NAS-68
NAS-69

By =;?; 3 at initial fracture
Priax '~ T eximum load attained

Composition

—TLype
2-Heltra
2-Heltra

2-UARL

2-UARL

.. 2=UARL

L-UARL
h-Heltra

Y-Heltra

) SfHeltra

5-UARL

Charpy Impact Loads of Composite Types 2, & and 5

Table IV

Intraply
Fiber o
Ratio
v/o Py
{actual) Newtons  (1bs)
HMS-34,5 2890 (650)
5-65.5 '
. HMS-6k 28k4s5 (640)
- 8-36
HMS-T3.5 | Lyng (1000)
- 8-26.5
HMS-33.2 4050 (910)
8-66,8
HMS-28,8 4340 (975)
5-T1.2
HMS-51.7 3550 (800)
PRD-48.3
HMS-2T.k4 2845 {640)
PRD-T2.6
HMS-48.5 2760 (700)
PRD-51.6
AS-59. L 6350  (1430)
S-1T7.2
PRD-23.4
AS-56.8 © 6450 (1450)
S5-21,0 :
PRD-22,2

Pma.x
Newtons  (1bs)
3550 (800)
’29ho (660)
5350 (1200)
4630 (1040)
5780 (1300)
6000 (1350)
k170 (94%0)
3150 (700)
6350  (1430)
6450 (1k450)

Charpy Impact

Strength
(experimental)
Joules ~ (ft-lbs)

3.6 (2k)
28,7 (20.5)
3h.4 (24,5)
54,6 (39)

L9 (35)

18.9 (13.5)
20.3 (14.5)
16.8 (11)

21 (15)7 o
39.2 (28)



2.2 Preliminary Composite Laminate Configuration Screening

The mechanical properties, flexural, shear and impact, of the remainder of
the composites fabricated in Task I are listed in Tables V-VIII. The data are
presented by fiber types where possible, i.e. HMS/S-glass, HMS/Kevlar 49, AS/S-
glass and AS/Kevlar L9 so that a comparison of interply vs core-shell vs intra-
ply vs inter-intraply can be readily made for cach fiber combination.

2.2,1 Static Properties
2.2,1.1 Flexural Properties

Flexural properties are one of the major criteria to be used in selecting
laminate candidates for Tasks IIT and IV. A comparison of composite modulus and
strength properties as a function of hybrid fiber type and percent hybridizing
fiber revealed basic differences between the various laminate types.

The effect on the flexural strength of HMS-and AS interply systems hybridized
with S-glass is shown in Fig. 2. With the interply configuration there is only
a slight increase in flexural strength of the HMS system with increasing glass
content with strengths being close to rule-of-mixture predictions. Analysis of
the failure mode depicted in Fig, 3 showed that all the HMS/S-glass interply
laminates failed in compression in the HMS layer. The compressive crack propa-
gated to the graphite-glass interface; shear failure then resulted. The change
in the stress-strain curve was related to the distance the crack traveled. The
homogeneous HMS laminate also showed compressive failure. It is apparent that
the compressive crack has to propagate a certain critical distance before speci-
men failure is detected., Observation of the failed HMS specimen showed that this

-was at least one-half the specimen thickness. Presence of the higher strength

glass interply layers blunts the crack propagation prior to reaching the critical
crack length and specimen failure was not detected until shear delamination
occurred. This happened at higher loads than with homogeneous HMS.

The AS/S-glass interply laminates, in contrast to the HMS system, showed
a decrease in flexural strength with increasing glass content, Fig. 2. Analysis

. of the failure mode shown in Fig. U revealed that a progression from tensile f

failure in homogeneous AS to tensile/compression failure at 10 v/o glass to com=
pressive failure at 20 v/o glass had occurred. The initial failure occurred in
the graphite to the graphite/glass interface where shear failure resulted. The
progression from tensile to compressive failure with increasing glass content
indicates that addition of glass to the AS graphite in the interply configuration
results in a decrease in the compressive strength of the hybrid composite rela-
tive to the homogeneous AS laminate. This is reflected in lower flexural
strengths for the multi-fiber system. ‘
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Table V

Flexursl, Shear and Impact Strengths of HMS and T-75/S-Glass Composites ‘ . -
Fiber Charpy Impeet Specimens
Retio Short Beam Flexuralb Flexurall Strength
Composition v/o Shear __Btrength _Modulus Density {face)
UARL No. | Type {actusl) Mi/m?  (psi)® oN/m?  (ksi) oN/m?  {psix108) glee Joules {ft-1bs)
NAS-9 13 HMS-5k.3 sh.6  (7540) 1.38 (200.8) - 120.5  (17.5) 1,84 28 {20) !
8-45.7
NAS-10 13 HM=T6. 4 s5.8  (8100) (191) _ 210 (28.7) 1.76 25,2  {18)
s5-23,6 &
HAS-15 13 1M-89.6 k5.5  (6600) 126 (183) 214 (31) :
S-10,b ;
NAS-15A 13 HM-93.2 38.2  (5500) 1.30 (183) 190 (27.6) 1.75 16.8 - {12) lf
§-6.75 H
NAS-18 17 BM-4B.T 60.2  (8730) 1.35 (196} 82,8 (12.0)° 1.86 W8 (32} ‘
5-51,3 (10.6) ;
NAS-16A 17 HMS-T2 56.0 (8130) 1,36 (198) 111 (16.1) 1.69° 22,4 {16)
: S-28
NAS-2h 17 HMS-86.7 43.6 (6330} 1,26 (183) 157 (22.8) C 1,66 12.6 (9}
5-13.3 )
7 WAS-36 2-UARL HMS=73.5 56,5  (8200) 1,18 (171) 1k2 (20.8) 1.76 34,3 (2h5)
. 5265 : :
NAS-36A 2-UARL HMS-28,8 (10,300) 0.87 (126) 82,6  (12) 1.85 54,6 (39)
§-71.2
HAS-36B 2-UARL HMS-33,2 68,5 (9950) 1.16 (168.5) 110 {16) 1.85 50.5  {36)
S~66.8 . .
NAS-U4T 2-Heltra HMS=k1.k 55.5 (8050) .8  (116) s5,2 . (8.0) 1.59 39.2 (28)
) $-58.6 ,
NAS-UTA 2-Heltra HMS-35 53 {7700) 0.78. (11h) 60.6  {8.8)
S-65 .
NAS-LTB 2-Heltra HMS=59, b 56 - (8100) 0.8 (116) TL.6 ' (20.%) 1,67 384 (27.5)
' 8-h5.6 ) -
NAS-kTC 2-Heltra HMS-34. 4 L5.2  (6560) 1.13  (16h.1) 116 (16.8) 1.92 33.6 - {2k)
: 5-65.6
TAG-KTD s-Heltra HYS-64 36,7  {5300) 1.35 (181.5) 158 - " (22.95) 1.80 28,6 (20.5)
5-36 .
| NAS-55 . 20e-1 < HMS<85,2 37.4 (5430) 1.18 {171.5) 138 (20,0) 1.70 25.2 {18}
5-14.8 )
NAS-54 208-2 HMS-96.8 ¥0.5  (5875) 0.91 {132) 154 (22.3) ~1,6b 8.2 - (13}
: §e3.2 . . :
NAS-6l 8 1275-6.5 79.6  (12,680) 1.36 (197) I3 {9:3) 1,99 Y {50)
593.5 ) : :
NAS-66 - 8 7549 9.6 (12,700) - 1.56 (226) 76 (11) 1.90 57,5 (1)
y 8-91
NAS-6LA 10 T-‘Ts-li.l (9720) 1.03 (149) T4 (o.1) - 1.92 63,6 (k55D :
5-84:9 ; : : :
NAS-€6A 10 T-T5-2L:S (11,600)  1.22 (178) B2.0  (12) 1,88 sz (36.5) RN
‘ ‘ 5785 ‘ ' : : AR
NAS-T2 - HMS-81.8 {5320) 1.30 (189) 17k (25.3) 1,74 “ze,h o (16}
7 8-18.2 P : :
NAS-61 ©OHM-63 kg {7100) 118 (a12) 190 (21,5} L0 16,8 (12) *
NAB-3A 5-66 169.2. (15,870) 559 (8.1) 191 12T (58

85hort beam shear 5/D = L/
briexural test - 3 point, S/D
CFjexural test - 4 point, B/D

7 . © ORIGINAL PAGEE |
OF POOR QUALITH,

o
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Table VI

-~ Flexural, Shear and Impact Strengths of HMS~PRD-49-TITII Composites

Fiber  Short Beam b b Charpy Impact Specimens
Ratio Shear Flexural Flexural Strength
Composition v/o Strength Strength Modulus Density (face) ‘
UARL No. Type - . (Actual) Mi/m?2  (psi)® GN/m?  (ksi) ON/m? {psix10®) g/cc Joules (ft-lbs)
. mAS-12a - 1k  ms-92.5 6.5 (9350) 1.9 (173) 1855  (26.9) 1.62 15.  (11)
B PRD-T.5 - '
| NAS-11A 1k HMS-58.2 38,8  (56h40) 1.0 (145) 123 (17.8) 1.49 18.9 (13.5) .
‘ PRD-41.8
NAS-28 18 m5-89.1  52.8  (76h0)  1.28  (186) 1Tk (25.3) 1.59 13.65  (9.75)
' PRD-10.9
NAS-19 18 . HMS-5T.7 39 (5650) 0.895  (130) 86.2 (12.5)  1.48 20 (1k.25)
, PRD-42.3 ‘
NAS-L6 : L-UARL HMS=51.7 k3.5 (6300) 0.61  (88.5) 102 (14.8) 1.46 18.9 (13.5)
PRD-U48.3
NAS-19 k_Heltra  HMS-27.k  u5.6  (6625)  0.716  (10k) 86 (12.5) 1.h2 20.3  (14.5)
‘ ‘ PRD-T2.6
NAS-UOA h-Heltra  HMs-k8.4  145.5  (6600)  0.765  (111) 87.5  (12.7) 1.k 6.8 (12)
: ' PRD-51.6 “‘
~ NAS-5A : PRD-66.9 41,5  (6030)  0.68 (98.4)  75.8 (11) 1.38 35 (25)

" 8ghort heam shear S/D = L/1
PFlexural test 3 point, S/D = 32/1
CAverage. of two tests
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Table VII

Plexural, Shear and Impact Strengths of AS S-Glass Composites

Fiber

Charpy Impact ‘Sgecimens

o i B R R RS R Bt T

Short Beam
‘ Ratio Shear’ Flexural Flexural Strength
, Composition. vio Strength Strength® Modulus® Density (face)
UARL No. Type {Actual) M/m? (psi)® . GN/m2  (ksi) GN/m? (psix10°) UARL No. g/ce Joules (ft-1bs)d
NAS-6' 11 AS-89,1 10k (15,125)  1.68 (2uk) 123 (17.8) NAS-T 1.71 L2 (30)
§-10.9 L
. aAs-B 11 {(207) (17.55)
- HAS=8C - i1 £5-79.8 109 {(15,800) 1,475 (21k) 109 (15.8) NAS-21 1.75 14,8 (32)
5=20.2
NAS-BB 1L AS-BL.7 g6 {i3,940) 1.47 {213) 123.2  {17.9)°¢ NAS-21A S 1,72 4.8 (32)
5-18.3 (15.8)
NAS~20A 15 AS-85 99.5 (1h,k00) 1,91 {277) 99.5 (1L} NAS-38 1.66 30.8 {22)
S-15
HAS-1TA 5. As-80.2 98 {1%,2%0) 1.66 {2h1.5) 82 (11.9) NAS-22 1.7h 46.2 (33)
5-19.8 o
NAS~35 -19a~2  AS/HM-5T.0 59.6 (8640) 1.63 (237) 111.8  (16.2) NAS-53 1.65 17.5 {12.5)
5-3.5 ‘
NAS=3h 19a<1  AS/HM-55.0 55,8 (8100) 1.5  (218) 109.5  (15.9) NAS-52 1.66 19.6  (1h)
: : S-h4.3 :
NAS-68 S5-Heltra AS-59.4 - 64,3 (9320) 1.53 {222) 92,5 (13.1) NAS-TO 1.50 21 (15)
' - 5-17.2 ,
PRD-23.h
WARS-69 5-UARL 25-56.8  8k.5 (12,270)  1.68 (2h2.5) 95 (13.8) HAS-TL 1.57 0.2 (28)
‘ §-21.0 ' ‘
PRD-22.2
HAS-Th 7 AS-83.7 (18,380) (238) (15.4) NAS-T5 1.71 1.8 (e
§-16.3
HAS-TH 1-UARL AB-TS {18,250) {270.5) {18.5) HAS=TT 1.77 51.9 {37.%)
- 525 :
HAGRL =577 0.6 {1v,250) 3,99 {1hk)e 98 {1h.%)¢ FAL-GL 1,68 4.5 {(16.0)
NAd~in B3-50 Laha {37,900) 1.6 (275, 12k (15.1) 1.TG
WAT-2A Hetd EACINCHINE O AR08 | TR R €T B HAC- 1.91 73.5 - {5037
Srympt bean chear - S/L o= &1 SPexurrl fust - hepoint, D/ = Se/d
Priegural test = d-point, Aivim AL davoreee of i teshs
% L 38 3 *® R



Table VIII

Flexural, Shear and Impact Strengths of AS-PRD~49-III Composites

Fiber Short Beam | Charpy Impact Specimens
~ Ratio , Shear Flexural Flexural Strength
, Composition v/o Strength StrengthP Modulus Density (face)
UARL No. Type (Actual) MN/m?  (psi)® GN/m?*  (ksi) GN/m? (psix10°) g/cc Joules (ft-1bs)d
: NAS-13 12 .~ AS-92 4.5  (10,800) 1.63 (237.5) 125 (18.2)° 1.59 29.h (21)
2 PRD-8 1342  (19.5)®
NAS-14 12 AS-69.7  60.5  (8760) 1.475 (21h) 121.5 (17.6)° 1.56 33.6 (24)
: ' PRD-30.3 116.0  (16.8)P
NAS-26A 16~ As-90.9 103 (14,900) 1.4 (212) 102 (1k.8)°  1.61 32.2 (23)
N i PRD-9.1
l..J
NAS-23A 16 - as-62.5  86.2 (12,500) 1.33 (193) 75.8 (1) 1.50 35 (25)
NAS-T8 3~UARL AS-87.3 -~ (14,120) (293) (18.3) 26.6 (19)
PRD-12.7
NAS-5A : ' PRD-66.9  41.5  (6030) 0.68  (98.4) 68.95 (1P 1.38 35 (25)
NAS-1 , AS-5T.7 70.6  (10,250) 0.99  (144)¢ 125 (14.3)¢ 1.6k 22,4 (16)
NAS-la AS-59.0  124.0  (17,980) 1.9  (275.5)  55.9 (18.1) 1.70

§Short beam shear - S/D = L/1
bFjexural test - 3-point, S/D
CFlexural test - 4-point, S/D
‘dAverage of two tests

32/1
32/1

-
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The decrease in strength with increasing glass content is related to the
dilution of graphite filaments with equivalent strength but lower modulus glass
filaments in the area of high tensile or compressive stress. Due to the higher
modulus of the AS graphite which carries a greater proportion of the load, the
lower the graphite fiber content the lower will be the load carrying capability.

The effect of core-shell and intraply construction on flexural strength for
the AS and HMS S-glass systems is shown in Fig. 5. As with the interply construc-
tion there are minor changes in strength from the rule-of-mixtures prediction in
the HMS/S-glass hybrids in either the core-shell or intraply types below 30 v/o
glaess content. Above this level both types fall below the predicted strength
although not below that of homogeneous HMS., Failure in both constructions is
compression. The flexural strength of the AS/S-glass core-shell laminates de-
creases with increasing glass content as did the interply type. However, the
intraply flexural strengths did not drop relative to the homogeneous AS laminste.
The core-shell composites failed in compression or tension similar to the inter-
ply failures, while the intraply exhibited tensile failure in the graphite tows.

The combined inter/intra systems, Types 7 and 9, resulted in composite
properties intermediate between the two separate types. No strength advantage
was found in using the combined form. However, the ability to tailor specific
impact properties at a given level by altering ply construction alone may be
of use in design requirements for particular applications.

The flexural strengths of the HMS/Kevlar 49 composites decreased with in-
creased hybrid fiber content irrespective of ply construction as illustrated in
Pig. 6. Failures in all cases were of the compressive-shear type. This apparently
reflects the poor compressive strength of Kevlar 49 relative to S-glass.

The AS/Kevlar 49 system, Fig. 7, behaved similarly with the exception of
the intraply tow-by-tow construction. In this case flexural strengths were
essentially equivalent to homogeneous AS as were the intraply AS/S-glass lami-
nates. Failure occurred in tension, compression or both depending upon Kevlar L9
content similar to the glass systems.

Hybrid composite modulus changes with increasing S-glass or Kevlar 49 content
were as predicted with one exception. Comparing the HMS hybrids, Figs. 8-10, the
data show a decreasing modulus with increasing hybrid content with both S-glass
or Kevlar 49 irrespective of ply construction. This would be expected since the
moduli of Kevlar 49 and S-glass (20 x 10° psi and 12.5 x 10° psi respectively)
are much lower than that of HMS (55 x 106 psi). In general, the core-shell con-
figurations showed the greatest decrease in flexural modulus since the outer
shell contained the low modulus hybridizing fiber, If that arrangement was re-
versed and the shell was reinforced with the high modulus fiber, the composite
bending modulus would be much less affected by the addition of hybrid fiber to the
“inner core. This behavior is in contrast to what would be expected under axial
loading where moduli would be relatively insensitive to the position of the fibers
within the laminate. The interply and intraply configurations did not differ
greatly in their effect on bending modulus.
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The AS hybridized laminate response shown in Figs. 11-13 was somewhat
different; modulus again decreased with increasing S-glass or Kevliar 49 content
with the exception of the intraply (tow-by-tow) construction. It has also been
shown in other government sponsored programs that moduli of AU or T-300 graphite
S-glass composites do not drop in the intraply construction up to 25 v/o S-glass.
This was true for both secondary fibers. As with the HMS hybrids the core-shell
configurations decreased in modulus most rapidly. The interply AS S-glass or
Kevliar 49 composites gave 1little modulus change up to 10 v/o hybrid fiber com-
pared to homogeneous AS. Above this level, rule-of-mixture moduli were obtained.

It is interesting to note that with the AS/S-glass combination whose fiber
moduli ratio is approximately 3/1, no change in modulus in the intraply con-
struction was found while the HMS/Kevlar 49 system with a similar moduli ratio
shows a rapid decrease in composite modulus in the same configuration.

As expected, because of the high glass contents, none of the T-75/S~-glass
systems, Types 8 and 10 , Table V, achieved the minimum modulus limit of 131
oN/m2 (19 x 108 psi). Tt is believed that addition of sufficient T-75 fiber to
meet the modulus requirement would undoubtedly result in Charpy impact strengths
in the same range or possibly lower than comparable HMS/S-glass systems.

The combined inter/intraply systems, Types T and 9, resulted in composite
properties intermediate between the two separate types. No strength advantage
was found in using the combined form. However, the ability to tailor speeific
impact properties at a given level by altering ply construction alone may be of
use in design requirements for particular applications.

With few exceptions during testing in flexure, shear failure aCCompanied‘
the tensile of compressive failure in all of the hybrid laminates regardless
of ply construction, Interlaminar shear strength tests at a span-to-depth ratio
of 4/1 resulted in shear failure in all cases,

With the HMS/S-glass interply laminates no appreciable change in shear
strength compared to homogeneous HMS, as seen in Fig. 1k, with the possible
exception of 10 v/o glass composites were noted. There does appear to be a
slight effect on shear related to the position of the glass interply layer rela-
tive to the area of high shear stress. This probably accounts for the somewhat
lower shear strength in the 10 v/o glass laminates since the glass layer is in
the center of the composite. However, the 50 v/o HMS/S-glass laminate which
would also have a graphite/glass interface in the center of the composite gave
shear values slightly lower than the 25 v/o type, as would be predicted, but
higher than the 10 v/o glass systems. The shear strengths of the HMS/S-glass
core-shell laminates, Fig. 15; showed a slight increase with increasing glass

‘content.
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All the interply and core-shell AS/S-glass composites gave a decrease in
shear strength relative to homogeneous AS with little effect of glass content
noted. The core-shell construction had, in general, slightly lower strengths
than the corresponding interply type. The intraply (tow-by~-tow) composites,
however, gave shear strengths equivalent to homogeneous AS as did the inter-
intraply leminate, Type T. Incorporation of HMS graphite or Kevlar L9 into the
AS/S-glass system resulted in lower shear strengths relative to the primary AS
fiber. These date are shown in Fig. 16,

The low shear strength of homogeneous Kevlar 49 in most instances resulted
in shear strengths in all HMS composites somewhere between that of Kevlar 1Y
and homogeneous HMS irrespective of ply construction. The one exception was
the interply laminate containing 7.5 v/o Kevlar 49, Sufficient data are not
available at present to determine if such an improvement in shear strength is
real,

A1l shear strengths of AS laminates hybridized with Kevlar 49 were lower
than the homogeneous AS composite with the core-shell and intraply (tow=by~tiw)
type at 9-13 v/o Kevlar 49 concentration providing shear strengths in the 14,000
psi range. Repeat of the interply construction in Task II in this concentration
range also resulted in shear strengths of this magnitude. 1In general, the shear
strength of AS/Kevlar 49 laminates decreases with increasing secondary fiber
content regardless of construction type. .

2.2.2 Dynamic Properties - Analysis of Charpy Impact Data

The applicetion of the instrumented Charpy pendulum impact test has made it
possible to more fully characterize composite impact performance. Of particular
importance are the loads sustained prior to initial fraction (Pi) and the maximum
load prior to failure. For some load controlled applications this paremeter
could conceivably be more important than total energy absorption considerations.
The energy which each multi-fiber type can absorb prior to maeximum load or
catastrophic failure is an important criterion for ranking of the hybrid composites.

In the following paragraphs the effects of hybrid construction on load
capacity, impact absorption energies, the relationship of impact energy to com=-
posite flexural modulus as well as the effect of specimen thickness on Charpy
impact performance are described.
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2.2.2,1 Ioad Capabilities
2.2,2,1,1 HMS/S-glass and T-75/8-glass Composites

The load at initial fracture of the intraply composites (Type 2) remains
essentially constant for each compcsition type, even though the percentage of
hybrid fiber varies over a large range (Table IV). This same phenomenon is also
evident in the interply HMS/S-glass composites (Type 13) but not in the core/shell
HMS/S-glass composites (Type 17). In the latter composites, P; and Ppax increase
with increasing glass content. These data are listed in Table IX., The data for
the standard HMS and S-glass composites are shown in ¥Figs. 17 and 18.

It is hypothesized that the controlling factor in impact behavior of these
hybrid composites is the interlaminar shear failure of the HMS graphite layers.
This results in similar P; loads for the Heltra intraply, interply, and standard
HMS composites as listed in Tables IV and IX. However, the UARL inbtraply com=
posites, because of ply construction, have no continuous layers of graphite;
rather the graphite tows effectively line up at an angle to produce & graphite
layer out of the plane of the interlaminar shear stress. This presumably would
require a higher load to initiate and propagate failure (Fig. 1).

Identification of the P; load in the core/shell type is difficult because
of nonlinearity in the initial portion of the curves, thus initial fracture may
occur at lower Pi's than indicated.

The Ppax loads of the hybrid composites are apparently related to the thick-
ness and ply construction of the segments formed after the initial delamination
has occurred. Thicker sections containing higher percentages of glass are
capable of sustaining higher loads. The interply composites (Type 13) appear
to give anomalous results in this regard. The Charpy impact strength of the
T-75/S~-glass (side~by-side tow) composites reflect the high percentages of glass
present and as expected with increasing T-75 content the impact strength de-
creases. There is little effect on Pj or Ppax below a 20 v/o T-T5 content. It
is believed that addition of sufficient T-T5 fiber to meet the modulus require-
ment would undoubtedly result in Charpy impact strengths in the same range or
possibly lower than comparable HMS/S-glass systems. '

No advantage was found in the combined inter/intra type construction
(NAS-T2, Type 9) over the interply (Type 13) system. This is presumebly due
to the fact that they both contain continuous HMS graphite layers which would
result in similar total impact characteristics.
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Table IX

Charpy Impact Loads of HMS/S-Glass and T-75/5-Glass Eroxy Laminates

Fiber Charpy Impact
Ratio Sirenpth
‘ UARL No. Composition v/o Py Prax (experimentul;}
. (Impact) Type (actual) Hewtons  {1bs) Hewtons  {1bs) Joules  {ft-lbe;
NAS-15A 13 1Ms-89.6 3110 {700} 5780 (1300) 2ok {10}
. §-10,k
8-23.6
nAS-9 13 HI4§-54.3 3110 (700) 5780 (1300) 35 (u5)
S— 145 . 7
{iAG-2h 17 HMS-86.7 1775 (koo 3779 {£350) 12,6 {91
§-13.3
HAS-164A 17 HMB-TR 3110 (700} <3hD {1200) f3.8 e
5-58
1AS-18 17 HMS-LB, 7 5340 - - (1200) 11,100 (2500) 51 {30,059
$-51,3
HAS-T2 9 HMS-56 2koo (560) 2h90 (5€0) 20,4 {16)
5-12.5
“ NAS 64 8 r75-6.5 53h0  (1200) 5760 {1300) 70 {s0
J 5-93.5
o WAS-66 8 T-75-9 4900 (1100) 5340 (1200} 57,k {h1.0}
, 5-91 :
NAS—6ha 10 T-75-15.1 5300 {1190) 57700 QML HERT Ihe, 0
5-84,9
[TAS- 664 10 TuT5-21.5 3560 {800) 3640 {2803 51, {36,055
5-78.5
HAB-55 20a-1 HMS-85.2 2220 {500} 24ko (550) 25,2 {318}
s-1k4,8
JAZ-54 200-2 HM5-96.8 2820 {500} 3110 {700) 18,0 {14}
‘ 5-3.2
. ¥AB-58 20a-3 HMS- 3330 {750} hoto (aon) 15.h {11} :
S
f NAS-63  HMS-63 2890 (600} . 3550 (800} 16,8 {12)
7 NAG- 66 | 5-66 16,006 (2250 10,450 {2350 7200 (5e)
T3 ‘= load at point of initial fracture ' ‘ -4

| Pm ax = km;s,ximam load attained ) k AL ?AGB" ‘ o

i T s im0
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2,2.2.1.2 HMS/Kevlar 49 Composites

As previously discussed in section 2.1.2, the impact strengths and loads of
HMS/Kevlar intraply composites show little change with varying secondary fiber
content., The interply construction did produce higher Ppgy loads, the same as
with the tow-by-tow intraply type with no improvement in total impact, Table X,

As with the HMS/S-glass systems the controlling factor in impact behavior of these
hybrid composites appears to be the interlaminar shear failure of the HMS graphite
layers.,

The load-time curve and impact specimen of the Kevlar 49 composite are
shown in Figs. 19 and 20,

2.2.2.1.3 AS/S-Glass Composites

A distinet difference in the P; loads of the interply (Type 11) and core/shell
(Type 15) AS/glass systems was found, Table XI. In the former case the Pj load
" increases with increasing glass content while in the latter, P; load decreases
with increasing glass. This effect appears to be related to the position of the
AS/S-glass interface relative to the plane of maximum shear stress through the
center of the composite. That is, the nearer the center the lower will be P;.
The interply, 10 v/o glass, system is made by stacking (AS),S(AS), segments having
the interface at the center, while the interply 20 v/o glass composite has an .
(AS),S(AS)4S(AS)2 sequence with only graphite plys at the center. In the core/
shell type the thicker the shell the nearer the interface is to the composite
center giving a lower Pj., The 19a type composites having the AS/glass shell and *
HMS center behave in the same manner as the interply systems, i.,e. P; increasing
with glass content and are very similar to NAS-24 and -16A, the core/shell HMS/S
composites (Type 17, Table IX), which show increasing Pi and Ppgy with increasing
glass content. '

The Ppax of all the systems increases as glass content increases. As with
the HMS/S-glass composites this is apparently related to the thickness and ply
construction of the segments formed after the initial delamination has occurred.
The thicker sections which contain higher glass contents are capable of sustaining
higher loads. ‘ ‘

The composite properties demonstrated by the intraply (tow=-by-tow) Type 1
composite, WAS-T6, make this AS/S-glass system a prime candidate for further
study if the modulus requirement could be met. The Charpy impaect strength and
load capability was the highest of any AS/S~-glass system. The fracture pattern
of the impacted composite had the out-of-plane shear fracture paths typical of
the tow-by-tow type construction. The load-time trace and impacted specimen are .
shown in Figs. 21 and 22. "
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Fiber
Ratio
‘Composition v/o
UARL No. Type (actual)
NAS-124 1k HMS-92.5
 PRD-T7.5
 NAS-11A 1k HMS-58.2
PRD-41.8
NAS-28 18 HMS-89.1
. ' PRD-10.9
NAS-18 18 HMS-5T.7
PRD-42.3
NAS-63 HMS
 NAS-5A PRD-49

Table X

; Py

Newtons (1bs)
3340 (750)
3780 (850)
1780 (4o0)
2220 (500)
2670 (600)
3160 (710)

~ Charpy Impact Loads of HMS/PRD-L9-IIT Epoxy Laminates

Charpy Impact
Strength
(experimental)
Joules  (ft-1bs)

L Pmax
Newtons (1bs)
5780  (1300)
5780 (1300)
3780 (850)
2670 (600)
3560 (800)
3760 (845)

15.4 (11)

18.9 (13.5)

13.65 (9.75)

20 (1k,25)
16.8 (12)
35 (25)



FIG. 19
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FIG. 20

IMPACTED COMPOSITE SPECIMENS
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UARL No.

NAS-6

- NAs-8cC

NAS-20A

. NAS-1TA

NAS-35

NAS-3k4

 NAS-Th

NAS-T6

NAS-LA

NAS-3A

~ Composition

—Lrpe

11

11

15

15
"19a-2

19a-1

1-UARL

Table XTI

Charpy Impact Loads of AS/S-Glass Epoxy Laminates

Fiber
Ratio
v/o .

(actual)

AS-89.1
5-10.9

AS_79 . 8
5-20.2

AS-85
5-15

As-80.2

5-19.8

 AS/HM-5T.0
S-3.5

AS/HM-55,0
S-h,.3

-

AS=83.7
5-16.3

AS-T5
§-25

AS

S-glass

Charpy Impact

Py Prmax

Newtons  (1bs) Newtons  (1bs)
5,550  (1250) 10,680  (2%00)
11,110  (2500) 1k,2k0  (3200)
3,560  (1k450) 8,000 (1800)
3,560  (1600) 10,220  (2300)
2,220 (500) 4,120 (925)
5,120  (1150) 7,120  (1600)
12,400  (2800) 12,500  (2800)
12,400  (2800) 12,400  (2800)
11,580  (2600) 11,580  (2600)
10,000  (2250) 10,&50 (2350)

Strength
(experimental)
Joules (ft-lbs)

L2 (30)
4y, 8 (32)
30.8 (22)
46.2 (33)
17.5 (12.5)
19.6 (1k4)
37.8 (27)
52.5 (37.5)
2k.5 (17.5)
73.5 (52.5)



FIG. 21
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2.2.2.1.4 AS/Kevlar 49 Composites

Unlike the addition of Kevlar 49 to HMS graphite when AS graphite is combined
with Kevlar 49, there is a relatively large change which occurs in the Pmax level,
particularly in the interply (Type 12) composites, with little effect on Py,

Table XII. The higher the percentage of Kevlar 49 the lower the Pmax capability.
This would be expected in light of the low Ppgy obtainable with Kevlar 49 alone.
This effect is probably related to the poor compressive properties associated
with Kevlar 49 systems. This is in contrast to the AS/S-glass interply composites
where an increase in glass content resulted in a higher Ppgy load capability.
Comparison of the impact properties of the interply, core-shell, and intraply
AS/Keviar 49 systems show little change in total impact characteristics either
with Kevlar 49 concentration or ply construction. The Pi and Ppgy loads of the
core-shell type are, however, higher than the interply type with the intraply
construction being intermediate between the two. The load-time curves and frac-
tured composite for Type 3-UARL are shown in Figs., 21 and 22,

2.2.2.2 Impact Strength vs Hybrid Fiber Composite Modulus

An important consideration in the evaluation of hybrid fiber combinations
for structural parts is the relationship of impact strength to composite bending
stiffness or modulus. A minimum of 131 eN/m? (19 x 108 psi) flexural modulus
is one criteria to be used in selecting composites for further evaluation in
Tasks IIT and IV of this study. The correlation of total impact strength with
flexural modulus for the hybrid composites tested to date is graphically illus-
trated in Figs. 23-26 for each hybrid fiber combination. In all cases 3-point
moduli were used.

2.,2.2.2.1 HMS/S-Glass Composites

With the HMS/S-glass composites, Fig. 23, several combinations provide
sufficient moduli with some improvement in impact strength. It is clear, however,
" the best compromise of impact and mechanical properties is provided by the intra-
ply UARL composite (side-by-side tow) containing 25 v/o S-glass. It is interesting
to note that the UARL type intraply systems fall on & line between the pure HI4S
and S-glass laminates. In contrast the core-shell laminates, although giving a
1line having a similar slope, are below (1eft of) that of the nonhybridized systems.
This is undoubtedly due to the effect of the lower modulus fiber being on the
outside of the laminate where the bending stresses are maximized. The interply
and dispersed fiber Heltra intraply do not lie on the same slope as the sbove two
types and it appears initial shear failure in the HMS graphite is the controliing
factor in these composites.
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UARL No.

NAS-13

NAS-1h
NAS-26A
NAS-23A

NAS-T8

- NAS-A

NAS-LA

- Composition
— Type
12

12

16

3-UARL

Table XII

Fibver
Ratio
v/o Py
(actual) Newtons  (1bs)
AS-92 3,520 (800)
Kevlar-8
AS-69.7 3,080 (700)
Kevlar-30.3
AS-90.9 10,450 (2350)
AS-65.5 (2500)
Keviar=37.5
AS-8T.3 5,350 (1200)
Kevliar-12.7
Kevlar 3,120 (710)
AS 11,580  (2600)

Cherpy Impact Loads of AS/Kevliar 49 III Epoxy Laminates

Ppax
Newtons  (1bs)

Charpy Impact

9,780  (2200)

L,448  (1000)

10,550  (2350)

14,000  (3200)

5,350  (1200)

3,720 (845)

11,580  (2600)

Strength
(experimental)
Joules (ft-1bs)
29.4 (21)
32.2 (24)
32.2 (23)
35 (25)
26.6 (19)
35 (25)

ok, 5 (17.5)
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2,2.2.2.2 HMS/Kevlar 49 Composites

All configurations tested with the HMS/Kevlar 49 fiber combination, Fig. 2k,
resulted in only slight improvement in impact strength. The modulus of the com-
posites was the only real variable from 10 to 73 v/o Kevliar 49, irrespective of
configuration type. The Heltra dispersed fiber composite (50 v/o Kevlar Lo},
hecause of lower fiber content, gave the same results as the corresponding core/
shell type and both had much lower modulus than the interply composite. Normal-
ized to 60 v/o fibver, the modulus of the Heltra composite would be 17.2 x 106
psi, slightly lower than the corresponding interply laminate, The shear strength
of both HMS and Kevlar composites being relatively low and similar, and if shear
failure is the primary fracture mode with the thick Charpy type specimen, little
effect on impact properties are to be expected.

2,2.2.2.3 AS/S-Glass and AS/Kevlar 49 Composites

The AS S-glass, Fig. 25, laminates all resulted in moduli less than 131
GN/m2 (19 x 106 psi) but the interply type were at the same level as all AS
graphite. The interply configuration while providing no improvement in impact
strength particularly at the 20 v/o S-glass level compared to core/shell does
result in higher flexural modulus at the two glass fiber contents tested. On
this basis, interply configuration would be preferred over core/shell. The large
percentage improvement in Charpy impact strength over the pure AS graphite
achieved by the intraply system is noteworthy. This is discussed further below.

AS-Kevlar 49 interply combinations, Fig. 26, resulted in composites having
moduli at or slightly below 131 GN/m% while the core/shell configurations tested
are definitely inferior. Impact levels of the 30 v/o Kevlar 49 composites were
the same. Clearly, S-glass provides more improvement in impact strength than
Kevliar 49 for AS graphite systems with minor changes in modulus.

It is interesting to note that when hybridizing AS graphite with either
S-glass or Kevlar 49 the inter and intraply composites give impact/modulus prop-
erties which lie above the line connecting the two nonhybridized composites
which is contrary to the effect found with HMS graphite. This is presumably
related to the higher strain capability of AS compared to HMS which would allow
the straining of the hybrid fiber to a greater degree during impact thereby
providing a greater energy absorption. The S-glass being capable of straining
to a higher degree than Kevlar 49, coupled with a higher flexural strength, would
contribute to a higher fracture energy then can be achieved by Kevlar 49, This
is illustrated by comparing the percentage improvement in Charpy impact strength
for each of the 10 v/o interply type composites as compared to nonhybridized AS
or HMS graphite. These data are listed below:
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FIG, 25
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Composite e

AS/S-glass
AS/Kevliar 49
HMS/S-glass
HMS/Kevlar 49

8Interply -~ 10 v/o hybrid fiber

% Improvement in Charpy Impact Strength

over Nonhybridized Graphite

112
31
0

0

A somewhat modified result is obtained if a similar comparison is made with
the interply and intraply composites at the 20-30 v/o hybrid fiber level., These

data are tabulated below:

Composite Type
(v/o Hybrid Fiber)

intraply AS/S-glass (25)
interply AS/S-glass (20)
intraply AS/Kevliar 49 (13)
interply AS/Kevlar 49 (30)
interply HMS/S-glass (25)
intraply HMS/S-glass (25)
interply HMS/Kevlar 49 (50)
intraply HMS/Keviar 49 (50)

% Improvement in Charpy Imp
over Nonhybridized Graphite

act Strength

134,0
100.0
18.7
50.0
50.0
104.0
12.5
12.5

The effect of varying amounts of hybrid fiber on the impact capabilities
of the high and low modulus graphite fibers is readily apparent.
a considerably higher percentage of hybrid fiber to produce any substantial
improvements in impact than does the AS graphite with the exception of the S-glass

intraply (tow-by-tow) construction.

2.2,2,3 Impact Energies vs Composite Modulus

The HMS requires

In sddition to “he Charpy impact strength and load capabilities of these:
reinforced composites the energies associated with the fracture mechanism are
also of importance in determining the overall impact capabilities of a given
system. The following curves illustrated the approach used to calculate the

energies from the load-time traces.
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The load and energy factors involved are: %

!
! i
load H
! s
(1bs) |
| *+ By
‘
|
'
Time (p sec) ‘ :
P; = load required to initiate fracture t
Ppax = maximum load :
Eq = energy of fracture initiation ¥
Ep = energy of stable crack propagation §
Ey = energy of unstable crack propagation %
Ey = total impact energy. :

In some cases Ej and Ep will be the same, for example, as in the following curve.

S

R st

load
(1ps)

Time (u sec)
Of particular importance is the energy of stable crack propagation, Ey,

which is a reflection of the amount of energy a given specimen can absorb and

" still retain load carrying capability even though crack initiation may have

occurred. In some cases Ej + Ep should be ysed to predict the energy capability

prior to catastrophic failure. Tables XIII-XVI list the calculated energies for

each type of reinforcement. The following equation was used in the calculation:

i it

area under load-time curve x load/division x’
deflection/division = E, ft-1bs

o9
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Table XIII

Impact Energies of HMS/S-Glass Composites'

Fiber Charpy
Ratio Impact Strength E; EP E‘1 Ep
Composition v/o (experimental) Ej +
UARL No. Type (actual) —Joules (ft-lbs) (£t-1bs)
NAS-9 13 HMS-5k4.6 28  (20) 0.685 (0.49) ~ L.56 (3.26) 20.7 (14.8) 25.9 (18.5) 3.8
: s-h5.7
NAS-10 13 HMS-T6. 4 25.2 (18) 0.578 (0.413) 7.5 (5.36) 28,3 (20.2) 36.4 (26) 5.8
B NAS-15A 13 HMS-89.6 16.8 (12) 0.578 (0.413) 7.5 (5.36) 16.6 (11.9) 24,8 (17.7) 5.8
' S-10.4
NAS-18 17 HMS-L48,7 Lk, 8 (32) 12.1 (8.64) 26 (18.6) 32,4 (23.2) T70.5 (50.k4) 17.2
S-51.3
NAS-16A 17 HMS-T2 22.4 (16) 2,9 (2.07) 5.17 (3.70) 24.2 (17.3) 32.3 (23.1) 5.8
' S-28
NAS-24 17 HMS-86.T 12.6 (9) 0.91  (0.65)  8.02 (5.73) 11.6 (8.3) 20.6 (1h.7) 6.4
: §-13.3
NAS-36 2~UARL: HMS-~T3.5 34.3 (24.5) 3.46  (2.47) 8.64 (6.17)' 26.6 (19.0) 38.7 (27.6) 8.6
S-26.5 :
NAS-36A 2_UARL, HMS-28.8 54,6 (39) 2.83 (2.02) 10.3 (7.33) k1.5 (29.7) 5.5 (39) 9.3
S-T1.2



Table XIIT (Cont'd)

"~ Fiber Charpy
Ratio Impact Strength E; Ep Eu Ep
S Composition v/o (experimental) Ei + Ep
“ " UARL No. Type (actual) Joules (ft-lbs) (ft-1bs)
KAS-36B 2-UARL HMS-33.2 (36) 3.29  (2.35) 11.2 (8.0) 33.6 (2L) 47,6 (3h) 10.L
: 5-66.8
NAS-BTB  o-Heltra  HMS-ho 38.6 (27.5) 7.55 (5.4)  6.16 (k.B)  16.7 (11.9) 30.4 (21.7) 9.8
' S-60
NAS-4TC 2-Heltra HMS-34 .4 (24) 2.3k (1.67) 3.76 (2.69) 25.2 (18) 30.8 (22) b Y
S-65.6 ‘
o NAS-4TD o-Heltra  HMS-6l (20.5) 2.83 (2.02) 2.81 (2.01) 2k.1 (17.2) 29.7 (21.2) 4.0
= ' 5-36
NAS-55 20a-1 HMS-85.2 25.2 (18) L.h o (1.0)  7.45 (5.33) .3k (3.1)  13.2 (9.4) 6.3
' 5-14,.8
NAS-5k 20a-2 HMS-96.8 18.2 (13) 0.476 (0.34)  L4.67 (3.34) 10.6 (7.6) 15.8 (11.3) 3.7
8-302
NAS-58 20a-3 HMS-T0 15.4 (11) 2.31 (0.65) 9.56 (6.84)  11.5 (8.2) 22 (15.7) 7.5
» 5-30
NAS- 61 HMS 16.8 (12) 0.686 (0.49)  13.% (9.6) 6.85 (4.9) 14,1 (10.1) 10.1
NAS-3A S-glass 73.5 (52.5) 5.16 (3.69) 21.6 (15.4) 46.2 (33) 72.8 {52) 19.1
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Table XIV

Impact Bnergies of HMS/Kevlar 49 III Composites

Fiber Charpy
‘ Ratio Impact Strength B4 Ep Ey Eq
 Composition v/o (experimental) Ej +
UARL TNo. Type (actual) Joules (ft-1bs) (ft~1bs)
NAS-124 1h  HMS-92.5 15.% (11) 2.31 (1.65) 2,88 (2,06) 23.10 (16.5) 28.28 (20.2) 3.71
: Kevliar-T.5

NAS-114 14 HMS-58.2 18.9 (13.5) 1,15 (0.825) 7.52 (5.37) 20.72 (14.8) 29.40 (21.0) 6.19
Kevlar-41.8

NAS-28 18 HMS-89.1 13.6 (9.75) 1.61 (1.15) 8.19 (5.85) 9.80 (7.0) 19.60 (1) 7.0

; Kevlar-10.9 )

NAS-18 18 CHMS=5T.T 20 - (1k.2) 1.59 (1.14) 7.08 (5.06) 13.72 (9.8) 20 40 (16) 6.2

) - Keviar-hk2.3

‘NAS—hé L-UARL HMS-51.7 18.9 (13.5) 2.88 (2.06) 2.89 (2.07) 24.92 (17.8) 30.66 (21.9) k.13

: : Kevlar-48.3 :

NAS-k9 L-Heltra HMS-27.L 20.3 (1h.5) 1.72 (1.23) 6.30 (4.5) 16.24 (11.6) 24,22 (17.3) 5.7
Keviar-72.6 :

NAS-LOA Y-Heltra HMS-48.4 16.8 (12) 1.93 (1.38) 3.20 (2.29) 6.42 (b4,59) 11.56 (B.26) kT
Kevler-51.6

NAS-63 HMS (12) .686 (0.49) 13.4% (9.6) 6.86 (L4.9) 1k.14 {10.1) 10.0

NAS-5A Keviar (25) .80 (2.0) 7.98 (5.7)  14.56 (10.4)  25.34% (18.1) 7.7
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Table XV

Inpact Energies of AS/S-Glass Composites

Fiber Charpy
- Ratio " Impact Strength Ei Ep Ey Eq
Composition v/o (experimental) E; +
UARL No. Type (actual) Joules (ft-lbs) (ft-1bs)
- NAS-6 ° 11 AS-89,1 k2,00 (30) 1.1h (0.82) 13.7 (9.8) 39.76 (28.4)  59.60 (39) 10.6
S-10.9
NAS-8C 11 AS-79.8 44,80 (32) | k.57 (3.27) 7.0 (5.0) 34.16 (2h.4) 145.78 (32.7) 8.3
§-20.2 (11.5) (12.9) (1%.8)
. NAS-1TA 15 AS-80.2 46.20 (33) 8.85 {0.33) 10.03 {7.17) 26.04 (18.6) 36.54 (26.1) 7.5
5-19.8
NAS-20A - 15 AS-85 30.80 (22) 2.98 (2.13)  2.73 (1.95) 14.84 (10.6) 20.58 (1k.7) h.l
S . 3_15 '
NAS-35 19a-2  AS/HM-57.0 17.50 (12.5)  1.40 (1.0)  3.29 (2.35) 11.06 (7.9)  15.82 (11.3) 3.4
' 8-3.5
NAS-3k 19a-1 AS/HM~55.0 19.60 (14) 2.29 (1.64) 7.0 (5.0) 8.68 (6.2) 22,82 {16.3) 6.6
, : 5-4.3
NAS-T6 1-UARL AS-T5 52.5 (37.5) b.34 (3.1) - (0) 36 (25.7) k0.3 (28.8) 3.1
§-25
NAS-1A A8 oh.5  (17.5)  6.10 (4.36) O (0) 21.00 (15) 26.60 (19) %.36

NAS-3A S-glass 73.50 (52.5)  5.16 (3.69) 21.56 (15.h) UL6.20 (33) 72.80 (52) 19.1
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Table XVI

Tmpact Energies of AS/Kevliar 49 IIT Composites

Kevliar-22.2

Fiver Charpy
Ratio Impact Strength By Ep Eu Ep
: Composition v/o (experimental) By +
UARL No. Type (actual) Joules (ft-1bs) (ft-1bs)
NAS-13 12 AS-92 29.40 (21) 2.50 (1.79) 6.86 (4.90) 15.12 (10.8)  2k4.50 (17.5) 6.7
Kevlar-8
HAS-1k 12 AS-69.7  33.60 (24) 686 (0.h49)  16.66 (11.9) 5.46 (3.9) 22,82 (16.3) 12.h
Kevlar-30.3
NAS-26A 16 AS-90.9 1k.70 (10.5) .22h (0.16) 3.43 (2.45) - k.45 (3.18) 8.12 (5.8) 2.6
Kevlar-9.1
‘NAS-23A 16 AS-62.5 35.00 (25) 6.30 (4.5) 1.82 (1.3) 31.08 (22.2) 39.20 (28) 5.8
Kevlar-37.5
NAS-T8 3-UARL AS-87.3 (19) (5.4) 0 (6.7) (12.1) 5.k4
Kevliar-12.T
NAS-5A Kevlar 35.00 (25) 2.80 (2.0) 7.98 (5.7)  1k.5 (10.h) 25.3%k (18.1) 7.7
NAS-1A ; A8 22.40 (16) 6.16 (k. k) 0 (0) 21.00 (15) 26.60 {19) h;u'
NAS-TO 5-Heltra AS-59.4 22,k (16) 8.06 (5.76) - (0) 18.4  (13.2) 26.6 (19) 5.76
S-17.2
‘Kevlar-EB.h
NAS-T1 5-UARL A5-56.8  39.2 (28) 8.06 (5.76) - (0) k9.5 (35.3) 57.h (L1) 5.76
: : §-21.0



In most instances the total calculated energy, Ep, agreed well with that
obtained experimentally, particularly those from the latter part of Task I due
to continued refinement of the instrumented Charpy apparatus. BE;, the energy
of fracture initiation, however, is somewhat gquestionable since moduli calculated
from the Charpy curves did not agree with statically measured values. The main
difficulty arises in the assignment of a point on the load-time trace where
fracture actually initiates. In most instances where this is not obvious, a
change in slope of the curve was designated as the initiation of fracture.

2.2,2.3.1 HMS/S-Glass Composites

The highest Ep value obtained for the HMS/S-glass systems, Table XIIT, which
met the minimum modulus requirements, 131 GN/m? and had an impact strength greater
than 20 ft-lbs was with the side~by-side tow intraply type (NAS-37). In decreasing
order, were the interply (NAS-30), core/shell (WAS-L3) and the dispersed tow
intraply (NAS-48C) configurations. The latter type showed an E, value only 1/3
that of the NAS-37 intraply. These results, as did the Ppay values, reflect the
importance of shear deflection mechanisms in determining the impact characteristics
of a given system,

2.2.2,3.2 HMS/Kevlar 49 Composites

None of the composites in the HMS/Kevlar L9 hybrid fiber combination, Table
XIV, meet the minimum Charpy impact strength of 20 ft-lbs (experimental value).
It should be noted that in this series the agreement of Ep (calculated) with the
measured value is not as consistent as were the glass modified composites. In
addition, the Ep values of all the composites were lower than the best HMS/S-glass
system which indicates that with HMS graphite S-glass is the preferred hybridizing
fiber.

2.2.2.3.3 AS/S-Glass Composites

Applying the same minimum modulus criteria to the AS/S-glass systems, Table
XV, would eliminate all composites of this hybrid combination from further cone-
sideration. It is felt, however, that because of the high use potential of the
low modulus AS type graphite, those composites which maintain the same modulus
level as homogeneous AS should be considered for further evaluation. This would
allow consideration of the AS/S-glass interply and intraply type composites at
the 10 v/o and 25 v/o level respectively of glass fiber. These laminates have
demonstrated some of the highest impact strength improvements of the hybrid
systems tested to date. If the modulus requirements cannot be met, = possible
alternative would be the addition of a thin shell of T-T75 or HMS graphite 1o the
AS/glass inter or intraply composites sufficient to increase the modulus to meet
the requirements without loss of the desired impact capabilities.
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2,.2.2.3.4 AS/PRD Composites

Consideration of AS/PRD combinations, Table XVI, is limited to the interply
type based on EP energy calculations. Of the two levels of hybrid fiber tested
only the 10 v/o NAS-13 meets the minimm modulus requirements. It should be
noted that the of this composite is only half that of the corresponding S-
glass composite (NAS-6) and the total impact energy is lower. Results for the
intraply type 3-UARL, NAS-T8, were lower than expected compared to the improved

results obtained with the intraply AS/S-glass combination.

Tmpact properties were similar to the interply type. It was of interest
to correlate initial (E;) and propagation (Ep) impact energies with flexural
modulus to determine if any differences in impact pehavior prior to catastrophic
failure changed the ranking of the hybrid laminates as compared to total Charpy
impact strength. Graphs of (By + Ep) vs flexural modulus are shown in Figs.
27-30. Although there were some minor shifts in composite behavior, in general,
the same relationship of impact ernergy to flexural modulus was found using the
E; + Bp parameter. This suggests that for the Charpy test using standard size
specimens, total impact energy can be used efficiently to correlate impact
behavior with other mechanical properties.

2,2.3 Thin Charpy Specimen Tests

Although the instrumented Charpy test using standard size 0.394 in. thick
specimens is a valuable screening tool for showing differences in composite impact
characteristics, the results from such tests have shown inconsistent correlation
at UARL with impact data obtained using pallistic impact tests. Since our results
with the standard Charpy specimens are shear limited, laminate types might be
selected which would perfornm unstaisfactorily under ballistic impact. The latter
more closely simulates impact in actual use conditions. In addition, it is be-
1ieved the shear stress to bending stress ratic of the thin Charpy specimen will
be in better agreement with those encountered in the ballistic impact test. Because
of this fact and previously indicated results using thin Charpy specimens, a series
of Charpy tests were run on the intraply type composites made by the Heltra dis-
persion process and the UARL tow-by-tow construction to determine (1) the effect
of specimen thickness on impact failure mode and (2) what correlation, if any,
exists between slow bend test data and thin Charpy impact test results. The
impact data obtained are lListed in Table XVII.

Roth shear and bending stresses were calculated from the Py and Ppax losads
respectively obtained in the Charpy test and compared o static three point Tlex-
ural test date on the same composites. These resulis are shown in Table XVIII
together with impact data obtained using the corresponding standard Cherpy specimens,
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UARL No.

NAS-hTC

NAS-36R

© NAS-L9A

| NAS-U46

NAS-4TD

Type

2-Heltra
2-UARL
4-Heltra
-USRL

&-Heltra

Table XVII

Charpy Impact of Thin Intraply Epoxy Composites

Fiber
v/o
(actual)

HMS-3L. 4
5-65.6

HMS-33.2
5-66.8

BMS-48.4
Keviar-51.6

HMS-51,T
Kevlar-48.3

HMS=0k
5-36

Charpy Impact

Py Prax Strength
Newtons (1bs) Wewtons (1bs) Joules (ft-1bs)
178 (%0) 33k (75) 2.67 (1.91)
507 (211k) 507 (11k) Sk (3.86)
133.5 (30) 267 (60) 0.855 (0.61)
625 (140) 625 (140) 1.39 (0.99)
392 (88) 392 (88) 1.3 (0.93)
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Table XVIIT

Charpy Impact Test Thickness Variations

Thin Specimen Data Thick Specimen Data
Bending Stress Shear Impact Impact Impact
ksi Stress, psi  Energy/Area Pj(1bs) Ppoy(1bs) Strength Energy/Area
UARL No., Calcd® Exp. {calcd)2 ft-1bs/in.2 (ft-1bs) ft-lbs/in.?
NAS-UTC 112 - 126 2260 6.4 650 800 2k 153.6
-36B 119 143 2660 120 910 10ko 39 254
-hoa - 111.8 , 105.5 2510 34 623 710 12 79
=46 127 98 3980 k1.5 800 1350 13.5 88.8
4D 180.5 159.5 3890 54,5 ‘ 640 660 20.5 13k.5

&standard isotropic homogeneous beam equations nsed for caleulating stresses



Comparison of the total impact strengths obtained with the thin and thick
specimens gives the same relative ranking for the composites, However, both the
calculated and experimental bending stresses and the calculated shear stress give
a different ranking order. The agreement between the experimental and calculated
bending stresses, however, is reasonably good. The differences may be due to the
Tact that some specimens failed in shear rather than tension.

The effect of specimen thickness on Charpy impact strength for these intraply
hybrid composites can be seen in Fig. 31 which correlates specimen thickness with
Charpy impact energy per unit area, The response of S-glass reinforcement com-
pared to Kevlar 49 with the two different types of intraply construction is readily
seen, With Kevlar 49 (PRD) there is only a minor increase in impact strength with
increasing thickness with no difference in response for the two types of construc-
tion. With S-glass, however, the tow-by-tow system results in considerable increase
in impact strength as thickness increases compared to the Heltra type dispersion.
Comparison of the slopes of the lines wpruvides an indication of these differences
as seen below.

Slope Slope
Composite Typa ft-1bs/in. > Normalized
HMS/S~-glass, 2 UARL 470 2.97
HMS/S~glass, 2-Heltra 233 1.48
HMS/Kevlar 49, L-UARL 158 1

h-Heltra]

These differences are undoubtedly related to the different shear-bending
stress ratios in the specimens of varying thickness. Further testing was done
in Task II using additional hybrid fiber combinations in order to better define
the relationship between test specimen geometry and energy absorption.

To gain a better understanding of thickness effects analysis of the data

was carried out using the concepts discussed by Mullin and Knoell (Ref. 5).
Shear stress and flexural stress intéraction diagrams were constructed for uni-
directional HMS/Keviar L9 IIT intraply composites NAS-46 and LA, These curves,
shown in Figs. 32 and 33, plot the maximum shear and bending stresses, respec- i
tively, present in a composite beam as a function of span-to-depth ratio (L/h) {
based on measured values of shear strength, 7o, and flexural strength, gg. In %
becth cases the inflection point in the curve is the maximum L/h at which failure :
should occur in interlaminar shear., Beyond that, failure should be controlled by
flexural properties. Both curves were calculated from static properties.
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The shear stress interaction diagram in Fig. 32 indicates that a span-to-
depth ratio of 8 is the maximum for shear failure. The data points represent
shear stresses calculated from both static and impact tests which were conducted
on specimens of various thickness. The shear stresses in the impact tests were
calculated from P4 values given in the above-referenced table. The agreement
between the curve and the experimental points was excellent over the entire range
of L/h investigated. The results also indicate that there was no effect of strain
rate since the stress calculated from the static and impact tests were essentially
identical.

The flexural stress interaction diagram in Fig. 33 also showed good agreement
between the calculated curve and the experimental stresses with the possible ex-
ception of the tests conducted at an L/h of 1k, With the exception of those tests,
the data again indicated a lack of strain rate sensitivity.

Taken together these curves clearly point out the importance of span-to-
depth ratio in the pendulum impact test. The standard Charpy test with an L/h = L
is controlled by shear failure. It has been experimentally shown that at L/h = 1k
and higher, behavior i1s controlled by flexural strength. Calculations indicate
that for this material flexural properties will continue to control failure down
to L/h = 8. Of course, the response of materials having different Ty and 0y would
be different.

Similar diagrams have been constructed for the angle-ply composites in Task II.
It is believed this analysis points out the danger in using standard Charpy impact
data if the intended application is to involve loading at high L/h ratios.

2.2.4 Analytical Calculations

The flexural moduli of the composites tested are in some cases lower than
would be predicted on the basis of rule-of-mixtures calculations using fiber ten-
sile moduli. To facilibate calculation of the flexural modulus of hybrid com-
posites a UARL computer program is being applied to calculate bending stiffness
for hybrid laminates using individual ply moduli, ply thickness and stacking
sequence. Table XIX lists a comparison of the predicted and experimentally
measured bending moduli and failure loads for a series of interply and core-shell
type hybride laminates. The agreement between predicted and measured moduli was
reasonably good. The predicted valués generally fell within the experimental
scatter of the measurements. BSeveral of the failure loads were not very well
predicted however, Furthermore, ihe predicted failure mode was wrong for geveral
of the composites. In particular, many of the flexural specimens failed partially
in shear. 3Based on the measured short beam shear strengths which were input as
failure criteria, the calculations indicated that the maximum shear stresses
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Fibers

80-A8/20-glass

90—HM/lO-gla§s
75~-HM/25~-glass
80-A5/20-glass
QOaHM/ld—glass
T5-HM/25-glass

50-HM/50-glass

Tahle XIX

Predicted and Experimental Bending Properties

Construction Predicted E Measured E Predicted Failure
(msi) (msi) Load/Mode
interply 16.6 15.8 176/tension
interply 27.5 27.2 120/tension
interply 25.6 28,7 98/tension
core-shell 13.6 12.0 174 /tension
core-shell 22,k 23.0 108/tension
core-shell 17.2 16.0 84 /tension
core-shell 11.0 10.6 73 /tension

Measured Failure
Load/Mode

150/tension
92/comp, , shear
iklh/comp., shear
177/tension, shear
113/comp., shear
127/comp., shear

103/comp., shear



present in the beams were much tco low to cause failure in that mede. Az a resuli
of this discrepancy the short beam shear test is currently being analyzed to
determine the validity of the calculated shear strengiths which were used as faliugrs
criteria in the bending analysis.,

2.2.5 Hybrid Fiber Content vs Material Costs

Although cost is not a criteria to be used in the current study it was of
interest to determine the effect of hybridization on this important parameter of
total fiber cost for future reference. These comparisons are illustrated grayphic-
ally in Figs. 34~37 using flexural modulus as a mechanical property parameter.

In order to analyze these data on the basis of costs it is necessary to
establish some design criteria, then compare the costs of the hybrids which meet
the requirements. An example of this procedure is illustrated by Table XX which
lists all the hybrids which had a flexural modulus of 17.5 x 10€ psi or greater
alopng with the fiber types, construction, flexural strength, and fiber cost
information. Also listed for comparison are similar properties of AS and BMS
composites. Fiber cost per 1b was calculated by multiplying the fiber ratic times
the fiber cost. ¥Fiber cost per in.? of composite was obtained by multiplying fiber
cost per pound times composite density. The modulus criterion of 17.5 x 100 psi
was selected as being a level which could be readily achieved with single com—
ponent AS graphite-epoxy composites. It is clear that several hybrid systems were
capable of producing essentially the same moduius as AB composites with lower
overall fiber costs per pound. The AS/25 percent glass intraply composite was
25 percent lower in fiber cost than the AS composite, and had essentially the same
flexural strength. The only HMS hybrid which had a lower cost per lb than the AS
material was the HMS-55/glass~45 interply which had a lower flexural strength.
Thus, the usefulness of that system might depend on whether strength was of critical
importance for the particular application. Many of the HMS hybrids which cost more
per pound than AS also had higher moduli, and if a structure was stiffness limited
it might be possible to achieve a more efficient design or use thinner sections
than if AS was the reinforcing fiber,

The advantage of Kevlar 49 (PRD) as a hydridizing fiber it brought out in
the column showing fiber costs per cubic inch of composite. Due te the low den—
sity of Kevlar 49 versus that of S-glass, it becomes a wuch more attractive can-
didate if weight is an importanl consideration. Another possible advantage for
Kevlar 49 in comparing it with S-glass in hybrids is the known degradaticn of
glass by moisture. The manufacturer of Keviar 49 (DuPont) claims much better
moisture resistance compared to glass.

It is interesting to note that none of the core-shell constructions met
the modulus reguirement, although as mentioned previocusly, reversing ithe rein-
forcing fibers in the core and shell would have changed the situation.
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Table XX

Hybrid Composite Systems Faving Greater Than 17.5 x 10° psi
Flexural Modulus and Costing Less Than $70.00/1b

Flexural Flexural

Fibers Modulus Strength Fiber Cost/lb Fiber Cost/
(Ratio, v/o) Construction msi ksi in.3 Composite
AS-T5 intraply 18.5 270 $L2,00 $2.66
S=glass-25
AS-90 interply 17.8 2L5 49,55 2,94
S-glass~10
HMS-55 interply 17.5 200 51,08 3.36
S-glass-U5
AS-85 intraply 18.3 290 51,50 2.9C
Kevlar-15
AB-85 interply 18.0 225 51.50 2,68
Kevlaz-15
HMS-65 intraply 22.5 171 59.73 3.94
S-glass~35
HMS--60 interply 17.5 145 64,00 3.5k
Kevlar-U40
HMS-T5 intraply 20.6 171 $8.38 L. hs
S-glass-25
HMS-T5 interply 28.7 190 68,38 b, 3k
Beglass-25
AS - 18.1 275 55.00 3.16
HMS - 27.5 TS 90,00 5.33

L T et wre

A 1 i et 1 b




2.2.6 Conclusions from Task I Results

S-glass is, in general, a better reinforcement than Keviar 49 for strength
and pendulum impact properties. Modulus restrictions may limit to some extent
AS/S~glass combinations., '

With HMS laminates interply hybrids result in the highest moduli for a
given hybrid system while in AS laminates intraply hybrids are superior,

Core-shell hybrids, with secondary fibers in the shell, suffer large bending
modulus reductions as the amount of hybridizing fiber increases.

Addition of S-glass to HMS graphite causes no loss in flexural strength
regardless of ply construction; while with AS graphite flexural strength de-
creases with increasing glass content except for intraply (tow-by-tow) which
gave strengths equivalent to homogeneous AS composites. “

Addition of Kevlar 49 to HMS graphite causes large decreases in flexural
' strength above 10 v/o independent of ply construction. Similar results with
AS are obtained except with the intraply tow-by-tow construction which like

S-glass resulted in no decrease in flexural strength compared to AS graphite.

Hybrid composite shear strength is generally limited by the weakest link,

In intraply composites the tow-by-tow hybrid configuration is generally
superior in pendulum impact behavior to the dispersed fiber iype. ‘

~Additions of Kevlar 49 to HMS graphite do not provide significant impro#e-
ments in impact regardless of ply construction. :

For pendulum impact tests (Charpy) using standard size specimens total
impact energy . {E4) rather than the more difficult to obtain initial fracture
energy (Ei) and crack propagation energy (Ep) can be used to correlate impact

“ behavior with other mechanical properties.

The 1nstrumented pendulum impact test prov1des valuable 1nformatlon for
' £valuating materlals beyond that which can be obtained from standard tests
partluularlj with thin Charpy - speclmens.

The standard pendulum impact test is shear limitedg‘ With thinner specimens
the influence of shear on total impact appears to decrease. Bending stresses
caleulated from Ppay load obtained in the thin Charpy test correlate well with -
static three point flexural test results. = [ R S
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Tn terms of fiber material costs the AS/S-glass (25 v/o) intraply composite
was 25 percent lower than homogeneous AS while maintaining the same flexural and
shear strengths and flexural modulus with considerably improved impact resistance.
These results strongly indicate the need for further investigation of the tow-by-
tow AS/S-glass composition to determine (1) the level of hybrid fiber which can
be added before a decrease in flexural strength and modulus occurs, (2) the
optimum impact strength level which can be reached, and (3) an estimate of the

minimum fiber cost which can be obtained.
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ITII. TASK TI - IMPACT STRENGTH EVALUATION OF ANGLEPLY AND THIN MULTI-FIBER
EPOXY RESIN COMPOSITE LAMINATES

The data analysis of Task I has shown that results with the standard Charpy
specimens are shear limited, and if laminate types were selected on this basis
alone they might preform unsatisfactorily in ballistic impact tests and, ulti-
mately in component evaluation. In addition, results from Task I indicated
that bending stresses calculated from the Ppgx load obtained in thin specimen
Charpy tests correlate well with the static three point flexural test results.
On the basis of total energy absorption the two tests (thin and thick Charpy)
give the same order of ranking for the composites tested. However, on the basis
of meximum stresses achieved before failure the rankings were different. In
fact the poorest ranking composite in the thick specimen test became the best
composite in the thin specimen test. Since the primary objective of the program
is to provide multi-fiber composites of maximum impact resistance, it was felt
that 1t was important to gain a better understanding of the correlation between
pendulum impact strength testing and the ballistic testing before laminate hybrid
types are selected for extensive evaluation.

The primary objective of Task IT was to determine the relationship, if any, . :
between pendulum and pallistic impact tests using selected angle-ply hybrid com-— L
posite types. In addition, the relationship between impact specimen configuration, :
both angle~ply and unidirectional, with other composite mechanical properties was
investigated.

3,1 Thin Angle-Ply Composites

A series of laminates were fabricated using the following angle-ply
configurations: ‘

(A) +k0, 0, +10, 0, =10, =10, 0, +10, 0, *k0
(B) +22, 0, +22, 0, -22, 22, 0, +22, 0, +22 :
(c) +45, 0, +45, 0, =45, -45, 0, +45, 0, 45 z

The first angle-ply has been shown by Hanson and Chamis (Ref. 6) to be an
effective design for high tip speed compressor blades, the second has been em-
~ ployed by~Genéral FElectric and the third corresponds to the angle-ply configuration £
used by. Pratt & Whitney Aircraft in a current NASA contract (Ref. 7). ‘Twelve ply '
laminates were fabricated with each angle-ply configuration using the following
fiber combinations and BRLA-U61T epoxy resin:

e AT T I TR R T LR O L TR R T R T RS

Type'2-UARL,Intraply-HMS(T5)/S-glass(25)
’Type“l-UARL'Intraply-AS(BO)/S—glass(20)
Type 12-Interply-AS(90)/Keviar 49(10)
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These composition types were selected on the basis of good overall mechanical

properties and variation of hybrid fiber reinforcement and composite construction.

In the Type 12 interply laminate Kevlar 49 was used in the outermost 0° plies.

The physical properties for each fabricated leminate are listed in Table XXI. *
Specimens for flexural strength and modulus as well as instrumented thin Charpy

tests were cut from a 3.82 em (1.5 in.) x 12.7 em (5.0 in.) panel. Fabricating
conditions were the same as those described in the Appendix. -

The HMS/S-glass Type 2-UARL laminates were fabricated using two different
levels of glass content, This was achieved by use of 20 end and 12 end glass
roving as indicated., The higher per ply thickness obtained in the interply AS/
Keviar 49 laminates is primarily due to the Kevlar 49. For the ballistic speci-
mens the Kevlar prepreg was spread to help reduce the overall composite thickness.
As noted, one composite having *+30° instead of iPO° plys was inadvertently
fabricated. .

3.1.1 Static Properties of Thin Angle-Ply Composites

The flexural strength and modulus of the composites made using the thrae

" angle-ply configurations and three hybrid fiber combinations are listed in

Table XXII. Comparison of the flexural strengths and modulus of the two HMS/S-glass-
systems (NASX-2 to 4 = 37-38 v/o glass and NASX-11 to 13 = 26 v/o glass) shows

that the effect of higher glass content is mainly reflected in the moduli of the

two sets of comp051tes with the lower glass content resulting in greater stiff-
ness, particularly for the +40,0,10 and +22,0 configurations while the two +45,0
laminates gave essentially the same modulus. This latter result is undoubtedly T
due to the low modulus of the iﬁS,O configuration which resulted in the masking

of any hybrid fiber concentration effect.  The flexural strengths of the corres-.
pondlng laminates were nearly the same showing no marked change with varying

glass content. It is interesting to note that changing the 40° angle-plies in

NASX-2 to 30° (NASX-1) resulted in a modulus 1.5 times greater for the latter

angle-ply with only a slight change in flexural strength. Comparison of the

flexural strengths of composites NASX-5 through NASX-13 skows that with the

“intraply composites the strength decreases in the order of. +h0 10,0 > +22,0 >

'+h> 0 type angle-ply. The interply AS/Kevlar 49 laminate (comp051tlon 12) is

sllghtly &1fferent with +22,0 > +h0 40,0 > +h5 0 angle-ply.

The flexural modulus w1thﬂall three angle-ply constructlons 1rregardless of
composition type or laminate constriction decreases in the order of +22,0 >
+MO 10,02 +h5 0 angle-ply. Of particular interest is the equivalent modulil
obtained with the 1-UARL (AS/S-glass) and type 12 (AS/Kevlar 49) laminates, Al-
though the former is intraply and the latter interply it would be expected that
the modulus of the type 12- comp031te should be con51derably ‘higher. It is
hypothe51zed that the lower than expected modulus of the type 12 system is due
t0 the contrlbutlon,of the much lower shear modulus: of Kevlar h9 vs S-glass.
Shear deflectlon 1s not deccounted for in- the equatlon used to calculate flexural
modulus. :
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Composiﬁion

' ﬁABL No;' Type
| NAsx;l" 2~UA§La
o ",-2 . "
=3 s
'-,h | : b ﬁ
‘-5‘  1-UARL®
6 n
,‘f | "
{8‘ 12
-9 T
n

Angle-P1y°®

[_+_30,o,+1o,o,-1o]2

A

© Table XXI

;'Physical'Properties of Angle-Ply Hybrid FiberyEpoxy‘Matrix Composites

Thickness  Density - v/o
mil/ply g/ce v/o Resin Vv/o Fiber v/o Void Fiber Ratio
7.1 1.81 32 HMS-41 2.6 HMS-62.7
Te5 Te5 41.8 HMS-34.9 1.7 HMS-61.8
8.2 1.72 45.8 HMS-32.9 1.3 HMS-62.3

| §-20 S-37.7

8.8 1.71 46.3 “HMS-33.0 1.5 HMS-63.1

' S5-19.2 S-36.9

6.3 1.71 29 AS-51 3.5 AS=T5.7

o S-16.5 S-2h.3

6.5 1.7k 31.7 AS-50.7 0.8 AS-T5.4

S-l6o 7 S’gh . 6

6.7 1.73 30.5 AS-51.4 1.7 AS-T76.3

11.5 1.56 0.5 AS-63.8 5.8 AS-89.2
Kevlar-T7.9 Kevlar-10.8

11.5 1.55 2h.5 AS-62.1 5.9 AS-89.5
: Kevlar-T.h4 Keviar-10.5

10.9 1.5k 26.8 AS-58.2 5.2 AS-85.73
Kevlar-9.8 Kevlar-14.7



Table XXT (Cont'd)

ikj " : Cdmpdsition S ' Thickness Density o v/o
P UARL No. _.  Type . Angle-Ply mil/ply cglec v/o Resin +v/o Fiber +v/o Void Fiber Ratio

= NASX-11  2-UARL® A 6.35 1.73 35.7  HMS=hh.k 3.2 HMS-T2.5

I‘ S PR : . S-16.7 S5=2T7.5

=12 " - B 6.67 1.72 35.5 HMS-43.9 b1 HMS-T2.8

P ‘ } ; §=16.5 , S-27.2

as o e 6.67 1.77 30.1  mMS-48.4 3.8 EMS-T3.2

N . : S-17.7 - 5-26.8

06

_aFabriCated tow-by-tow using Ferro S-glass 20 end roving

i SR U '
- ‘bFabricated'toweby—tow using Owens-Corning S-glass 12 end roving

CpA = :‘_1%0',0-.,10; B = 122,0; ¢ = ihs,o



Table XXII

Flexural Strength and Modulus of Angle-Ply Hybrid

. Fiber Epoxy Matrix Composites®
Flexural Flexural
N Composition ' Strength Modulus

- UARL No, Type

Angle-P1y®  oW/m?  (ksi) = GN/m® (psix10f)

NASX-1 2-UARL =€ 0.7 (68.7) 69.6  (10.12)
) . A : 0.457  (66.,3) 46,9 (6.81)
-3 noo B 0.k9  (T1.05)  87.6 (12.71)
-y " c 0.39  (56.6)  LB.T (6.78)
-5 1~UARL | A 0.816 (118.5)  53.5 (7.75)
-6 " ‘ B - 0.ThS (108) | 84.8 = (12.3)
-7 n ¢ 0.58 (8h.1) 35,8  (5.19)
y 8 12 A 0.398  (57.T) S48 (7.95)
‘ -9 " B o3 (62.3) 85.1  (12.35)
é -10 " | ° ' 0.30  (43.5) . 3.8 (L)
-1 2~UARL A 051 (MM ST.5 (8.35)
| Y- o | 5 0.483  (70) 10k (25.1)

-13 " c 10.358  (52) k5.6 (6.61)

 aTests cbnducted at room temperature, S/D =k32/l; 3-point loading.
Duplicate tests. ‘ : '

, © Pa = 440,0,10; B = +22,0; C = *45,0.

°Angle-ply +30,0,+10,0,-10,05 0,-10,0,+10,0,%30
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3.1.2 Dynamic Properties of Thin Angle-Fly Composites

The Charpy impact loads and strengths for the thin composites are listed in
Table XXIII. Data for both composites of each type are listed. TFor the three
composite types tested the +h0 0,10 angle-ply configuration resulted in the
highest impact strength (ft-lbs/ln. ) with AS/S-glass (1-UARL) > AS/Kevliar 49
(Type 12) > HMS/S-glass (2-UARL). With the first two types the #22,0 angle-ply
was nearly as effective in terms of impact while the latter type (2-UARL) showed
a substantial decrease in impact response in both the +22,0 and iﬁS 0 configuration
compared to the +40,0,10.

In the HMS/S-glass containing the high glass content (NASX-2,3,4) the #22,0
configuration was superior and all angle-ply configurations were higher than the
comparable lower glass content composites (NASX-11,12,13) as would be predicted.

With two exceptions the Pi and Ppgx loads were identical indicating that
the main failure mode was in flexure, Composites NASX-6 (AS/S-glass +22,0) and
NASX-8 (AS/Kevlar 49 +40,0,10) showed indications of shear failure by a definite
P; prior to reaching Ppayx. These data are shown in Table XXIIT. No positive
explanation for this occurrence has been found. - As mentioned previously, there
is some degree of uncertainty associated with identification of P;. With these
angle-ply systems, however, it is clear that P; and Ppax for the most part occur
at the same load level which is contrary to the standard Charpy thick specimens.

The relationship between static property and impact stﬁength as affected by
angle-ply is shown in Fig. 38 which plots flexural modulus Vs the average impact
energy in ft-1bs/unit area for each composite. In terms of iodulus the +22,0
angle-ply is superior while the +h0 0,10 angle conflguratlon results in the
highest impact strengths.

It is interesting to note that there is little varistion in either modulus
or impact energy between the HMS/S-glass (37 v/o), AS/Kevlar or AS/S~-glass com-
posites using the #22,0 configuration. For every angle-ply, ‘however, the
intraply Ab/S-glass system appears to offer the best comblnatlon of modulus and
impact energy.

3.~.3 Varying Thickness Angle—Ply Compo ites

To gain a better understandlng of the effect of thlckness on comPOS1te 1mpact
‘propertles and to aid in the correlation of pendulum.lmpact vs ballistic impact,
a series of laminates of each comp051te type was fabricated using the. +22,0
angle-ply conflguratlon. Spe01mens ‘of approximately 0.127, 0. 254, 0. 508 0.90
and 1.016 cm (0.50, 0.100, 0,200, 0,300 and 0.400 in.) thickness have been made
’ w1th the AS/S—glass, HMS/S—glass 1ntraply and AS/Kevlar 1nterply types. The
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it ‘ Composition
| _ UARL do. Type®  Anple-PlyP
HABX-L | 2-UARL -c
N q3  ‘ SR L B
s -5 ' 1-UARL A
g % o B
Yo
T R C
-8 22 A
9 f | B B
=10 " C
-11 2-UARL, A
’flz " B
-13 " ¢

Table XXIII

Trpact Data for Thin Angle-Fly Hybrid Fiber Epoxy Composites

s = P
Pi = Pmax

Charpy Impact

Impact Strength

) Strength Per Unit Ares
MHewtons HNewtons  (1bs) (1vs) Joules (ft-1bs) Joules/em?  (ft-lbs/in?)
33h 369 (75) (83) /1.7 -/1.2h) 8.1 (37.4)
320 426 (12) (96) 2.35/3.,14  (1.68/2.24)  10.38/13.3  (47.8/61.3)
L97 k9T (112) (112)  3.38/3.80 (2.k2/2.78) = 13.5/15.0k (62.2/69.4)
426 426 (96)  (96) 2.62/1.75  (1.87/1.25) 9.7/6.48  (44.7/29.9)
Lk (104)  (100)  3.52/3.16 (2.51/2.26)  18.1/16.1 (83.4/74.2)
p; kb w66 (100)  (105)  3.14/2.69  (2.24/1.92)  15.8/13.55  (72.9/62.1)
Ppax 53k 53k (120) = (120)
400 Ly (90) (100) 2,1/2.7 (1.50/1.93) 10.4/12.786  (48/58.8)
By 835 8L5 (188)  (190)  5.22/5.0  (3.73/3.57)  1k.75/13.95 {68/64.3)
Prax 1200 1158 (270)  (260)
845 1022 (190)  (230)  k.76/5.1k (3.40/3.67) 13.35/14.3  (61.5/66)
6é2 - 578 (1%0) (130)  3.01/3.15 (2.15/2.25) 9.15/9.86  {(42.2/45.5)
a1 om1 o (10)  (70) o151 (O -/2.08) -2k (O -/57.2)
267 2lg (Eo) (56) 1.33/1.31  (0.95/0.98) 6.6/6.9  (30.4/31.8)
267 327 (80)  (73.5) -/8,06  (  -/31.2)

Tangie-ply 33@,ﬂ,+10;@,~10,o;0,-10,o,+1a;o,:30'

] 43 UARL = HIS/S-glass; 1-UARL = AS/S-gless; 12 = AS/Keviar 49
vh o= #40,0,10; B = 22,0

=/1.595 ( =/1.1k)
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+22,0 angle~ply was chosen because it produced the highest modulus values. In
addition, because of superior impact response, the AS/S-glass intraply type was
also fabricated in the same thickness series using the tﬁ0,0,lO angle-ply. Three
specimens were cut from a 3.81 em (1.5 in.) x 6.03 em (2 3/8 in.) block for each
thickness level. Two were tested by instrumented Charpy and one in slow bend.
The thickness and density of each thickness level is listed in Table XXIV as is
the average Charpy impact energy and energy/unit area,

Figure 39 illustrates graphically the relationship of thickness to Charpy
impact strength (ft-1b/sq. in.). The AS/S-glass and HMS/S-glass +22,0 laminates
follow the same general trend of increasing impact strength with increasing
thickness., The AS/S~glass in the :F0,0,lO angle~ply however gsave no increase
in impact energy up to 0.200 in. thickness, Above this thickness level the rise
in impact energy was essentially the same as that for the +22,0 angle-ply. The
AS/Kevlar +22,0 laminates gave an opposite trend with impact energy increasing
up to 0.250 in. thickness before leveling off at an energy level below the two
AS/S-glass systems. This is probably a reflection of the predominance of the
shear failure mode in the thicker laminates coupled with the poor shear capability
of Kevlar 49 reinforcement.

With the two angle configurations using the AS/S-glass system, as previously
found, Fig. 38, the :yo,o,lo configuration has a higher impact energy than the
+22,0 using specimens up to 0.354 em (0.140 in.) thick. Beyond this level the
latter angle-ply provides a higher impact resistance. This may be due to the
higher flexural strength of the iﬁ0,0,lO composite at the 0.254 cm thickness
level (see Table XXII) which is reflected by the failure mode being in bending
rather than shear which predominates for the standard Charpy specimens.

Comparison of the three +22,0 angle-ply types indicates, particularly with
the HMS/S-glass and AS/Kevlar 49 composites, a definite change in impact energy
levels near the 0.508 cm (0,200) thickness range. This may well be the thickness
range where the failure mode changes from predominantly bending to shear,

. The instrumented.Charpy~loadrtime traces of these same composiites are shown
in Figs. L40-43, ‘

The influence of specimen thickness is clearly seen in each case with a
substantial change in the curve shape occurring sbove the 0,100 in. level in
terms of time to reach the maximum load level. Above 0.200 in. thickness the
traces with minor exceptions tend to follow the same pattern. These results

indicate that a change in fracture mechanism occurs in. the vicinity of a span-
to-depth ratio of 10-15/1. ' ~

?
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Composite
No. Type

NASX-6  1-UARL

NASX-9" 12

NASX-12 = 2-UARL

NASX~5 1~UARL

‘ %Average of 3 values

Average of 2 tests

- Fiber

AS/S-glass

AS/Kevlar

HMS/S~-glass

AS/S-glass

Table XXIV

Angle-Ply Hybrid Fiber Composites of Varying Thickness

Thickness®

Cross-Ply em -

+22,0 0.127
0.279
0.508
0.772
1.05

+22,0 0.1245
0.246
0.569
0.748
1.00

+22,0 0.117
0.262
0.503
0.7k
0.985

+40,0,10 0.223
0.468
0.721
0.965

measured using specimens cut for instrumented Charpy test

Charpy Charpy
Density Impact Energy Impact Energy/Unit AreaP

(in.) g/ccd Joules (ft-1bs) Joules/em? (ft-1bs/in.2)
(0.,050) 1.7k 1.68  (1.2) 13.2 (61.0)
(0.110) 1.69 4,76 (3.h4) 17.2 (78.5)
(0,200} 1.70 11.75  (8.4) 23.2 (106.2)
(0.304) 1.75 21,2 (15.1) o27.h4 (125.0)
(0.413) 1.7k 39.2 (28.0) 37.b (176.0)
(0.049) 1.56 1.32  (0.93) 10.6 (48.2)
(0.097) 1.56 3.64  (2.6) 14,75 (68.0)
(0.224) 1.62 13.3 (9.5) 23.4 (107.6)
(0.296) 1.55 15.6 (11.15) 20.9 (95.8)
(0.394) 1.56 25,2 (18.0) 25.9 (116.0)
(0.0L46) 1.79 0.76  (0.54) 6.5 (29.8)
(0.103) 1.75 1.85  (1.32) 7.1 (32.6)
(0.198) 1.76 6.3 (k.5) 12.5 (57.7)
(0.291) 1.76 10.8 (7.7) 1h,6 (67.4)
(0.388) 1.75 18.2 (13.0) 18.5 (84.6)
(0.088) 1.755 k.2 (3.0) 18.8 (86.5)
(0.184) 1.725 8.8 (6.3) 18.7 (87.0)
(0.284) 1.725 16.1 (11.5) 22,3 (103.0)
(0.380) 1.71 30.8 (22.0) 32,0 (146.5)



FIG, 39

CHARPY IMPACT ENERGY VS SPECIMEN THICKNESS
(ANGLE—-PLY COMPOSITES)
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‘ : FIG. 40
CHARPY LOAD-TIME TRACE
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CHARPY LOAD-TIME TRACE
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FIG. 42 ;

E
CHARPY LOAD-TIME TRACE
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- FIG. 43
CHARPY LOAD-TIME TRACE
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The P; and Ppay of the +40,0,10 AS/S-glass intraply system at all thick-
nesses are the same, however, in the +22,0 angle-plys P; and Ppax are different
for the 0.050 and 0.100 in. thick composites. The opposite holds true for the .
AS/Kevlar 49 interply laminates where P; and Ppgy were the same at the two lower
thicknesses but occur at different loads at 0.250 in. thickness and greater. The
HMS/S~glass intraply composites Pi and Ppay appear equivalent with the possible >
exception of the 0,200 in. thick specimen. These variations again indicate a
possible shift in predominant impact fracture mode in the 0.100-0.200 in. thick-
ness range.

» Further conformation of the change in failure mode mechanism was obtained

by comparison of calculated shear and bending stresses (from Pj and Ppay respec—
tively) with shear and bending stresses measured in a conventional slow bend

test using the same span as in the Charpy impact test. These results are listed
in Table XXV. '

There is, in general, good correlation between the static and dynamic stress
levels particularly where marked changes in stress occur. - Although there is some
overlap, the 0.100-0,200 in. thickness range appears to be the ecritical range as
indicated above for changes in fracture mode.

3,2 Ballistic Impact Properties of Multl—Flber Angle-Ply Epoxy Resin
Composites

To correlate the pendulum impact properties of the angle-ply composites with .
ballistic impact characteristics, a series of 36 ballistic impact specimens was
fabricated using the three angle-ply configurations and three hybrid constructions
previously described in section 3.1. The test specimens were obtained by cutting
two 5.08 cm (2 in.) x 22.85 cm (9 in.) specimens from a 11.32 cm (4.5 in.) x
25.4 em (10 in.) panel. Specimen thicknesses ranged from 0.252 cm (0.095 in.)
to 0.343 em (0.135 in.) depending upon layup design. Torsion and bending moduli
were measured before impact for each specimen. Specimens were then ballistically
impacted using Jelly spheres, 1.27 cm (0.5 in. ) diameter, at room temperature.
Tests were conducted using four different projectile velocities, 183, 213, 243,
and 274 m/sec (600 700, 800, and 900 ft/sec) to ascertain the threshold and
structural damage levels of each angle-ply hybrid fiber combination.  The torsion

“and bending moduli were remeasured on the impacted specimens as a measure of the
extent of damage. The results of these measurements are listed in Tables XXVI-
XXVITI and illustrated graphically in Figs. 4L-U6 in terms of shear modulus

retention VSfprOJECtlle.Veloclty for each comp051te type and angle-ply.
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Table XXV

Comparison of Dynamic and Static Shear and Bending
Stresses at Varying Composite Thickness

Composite Shear Stress, psi ' Bending Stress, ksi
No. (Thickness-in.) Dynamic®  Static = Dynemic® Static
NASX-6 AS/S-glass 1830 1540 140.0 161.5
(+22,0) -{50) 3600 4230 130.5 158.0
- =(100) 8320 5920 130.,0 143.0
- =(200) 9620 4340 ~ 99,6 : 45,0
-{300) 10900 Lh20 83.0 33.4
~(400)

NASX-5 AS/S-glass

(+40,0,10) -(100) 3680 3410 132.5 122,0
~ ~(200) 5430 5770 9k, h 98.3

-(300) 6470 8000 ~ - 36,6 89.2

-(%00) - 7580 87ko - 36.9 T2.3

NASX-9 AS/Kevliar 49

(#22,0) - =(50) - 11k0 - 1120 ‘ Th.8 72.6
- =(100) 3060 3460 ' 100.0 113.0
-(200) 3300 4330 46.8 56.2
~(300) ' 3100 ~ koto SRR 38.3 k5.3
-(koo) 3820 5280 31.2 30.7
NASX-12 HMS/S-glass ‘ , o :
(#22,0)  ~=(50) = 12ho -1koo 68.8 . 97.0
~=(200) ~ 1670 1880 796 Th,0
~(200) ~ 2060 - - 32k 3b.7 5Ly
-(300) 2610 3Tk 28.0 b1.1

~(koo) 2810 5130 . 219 '30.75f

, ‘baCaléulated using convehtiohalkbeamkequations from P; (shear) and Pmax:(bending)v 




Table XXVI

Ballistic Impact Data
Ply Configuration and Hybrid Fiber Study
Type UARL-1l AS/S-glass Intraply

‘ : Bending Shear

Composite v Projectile - Modulus Modulus
No. Angle-Ply Velocity® Retention(%) Retention(%)
o co (fps) m/sec

B-4-R +40,0,10 (608) 186 100 100
B-l-L - (694) 212 100 100
B-13-R ; - (805) 2k6 100 80
B-13-L ~ (832) 254 97 5
B-5-R - +22,0 (589) 180 98 ‘ 100
 B=5-L . . ; ; (T03) 21k 93 ‘ 100
B-14-R (830) 253 100 95
B-14-L ‘ (922) 281 100 62
B-6-R +45,0 : (588) 179 100 100
B-15-R , (728) 222 100 100
B-6-L : , (808) 2Lt 99 100

B-15-L | | (910) 278 100 43

~ BActusl projectile velocity

2ok o




Ballistic Impact Data

Table XXVIT

Ply Configuration and Hybrid Fiber Study

Type 12 - AS/Kevlar 49 Interply

Composite

No, L Angle-Plx

B-T-R +40,0,10
B-T-L
B-16-R
B~16-L

B-8-R +22,0
B-8-L

B-17~L

B-17-R

B-9-R +45,0
B-9-L

B-18-R

B-18-L

iaActual projectile velocity

Projectile

'Velqcitxa
(fps) m/sec

(595)
(698)
(823)
(900)

(603)

(700)
(842)

(910)

(611)
(707)
(819)
(910)

182
213
25k
275

184
21k
257
278

187
216

250

278

Bending Shesr
Modulus Modulus
Retention(%) Retention(%)
100 100
100 100
100 80
95 13
100 100
100 100
100 100
100 - 65
100 100
100 79
92 38
86 2l




Table XXVIII

‘Ballistic Impact Data
Ply Configuration and Hybrid Fiber Study
Type UARL~-2 HMS/S-glass Intraply

Bending Shear
Composite ; Co Projectile Modulus Modulus f
No. Angle-Ply Velocity® Retention(%) Retention(%) ’
(fps) m/sec ~ :
B-1-R +40,0,10 (605) 185 | 87 70
B-1-L (7To2) 21k 90 50 i
B-10-R (805) 26 89 : 49 :
B-10-L (878) 268 88 38
B-2-R +22,0 (597) 182 100 88
B-2-L (121) 220 95 ' 76
B-11-R : (8ok) 245 75 48
B-11-L » (887) 273 ‘ 57 3k
B-3-R 45,0 (600) 182 100 16
B-3-L ~ (695) 212 100 45 o
B-12-R : (805) 246 79 31 ST
B-12-L ' - (900) - 275 5k 21 L

9'.A.c*t:uaa.projecti‘le veloeity
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FIG. 44

SHEAR MODULUS RETENTION VS PROJECTILE VELOCITY HYBRID FIBER COMPOSITES
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SHEAR MODULUS RETENTION VS PROJECTILE VELOCITY
HYBRID FIBER COMPOSITES
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FIG. 46

SHEAR MODULUS RETENTION VS PROJECTILE VELOCITY HYBRID FIBER COMPOSITES
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3.2.1 Correlation of Percent Shear Modulus Retention with Projectile
Velocity

It is apparent that shear modulus retention is a more sensitive measure of
impact damage than is bending modulus retention. With the exception of the
intraply HMS/S-glass system little change in bending modulus was noted even at
the 275 m/sec (900 fps) range., As seen in Figs. L4Y and 45 the AS/S-glass and
AS/Kevlar 49 composites in both the +22,0 and iﬁ0,0,lO angle-ply configurations
are nearly identical in terms of threshold damage levels, 259 m/sec (850 fps)
and 214 m/sec (700 fps) respectively for the two angle-plys with the Kevlar 49
hybrids being slightly superior. The iFS,O angle-ply composites showed a distinct
difference between the S-glass and Kevlar 49 hybrid AS laminates, 243 m/sec
(800 fps) vs 152 m/sec (500 fps) threshold energy damage. The HMS/S-glass systen
gave a continuous drop in shear modulus at all velocities and was considerably
poorer than the AS systems in all three angle-ply configurations,

Indication of the extent of damage at 275 m/azve (900 fps), somevhat gbove the
threshold damage level for the AS/S-glass intraply +22,0 composite, is shown in
Figs. 47 and 48. The corresponding test specimen for AS/Kevlar L49 interply +22,0
laminate is shown in Figs. 49 and 50. There appears 1o be only small amounts of
delamination in either case, with no loss of any of the composite by spalling
which characterized the HMS/S~glass laminates as shown in Figs. 51 and 52.

Comparison of the Charpy impact results as shown in Fig. 39 for varying
thicknesses with the ballistic data showed that at the lower thickness levels,
<0,356 cm (0.140 in.), the AS/S-glass and AS/Kevlar 49 composites gave nearly
the same pendulum impact energy while the HMS/S-glass was lower., In the pendulum
impact test, however, the AS/S-glass +22,0 system was rated slightly superior to
the corresponding Kevlar 49 hybrid which is the reverse of the ballistic data.

3.2.2 (Correlation with Totel Charpy Impact Energy
An alternative comparison between the two sets of test data is seen in

Fig. 53 which relates the ballistic shear modulus retention to the total Charpy
impact energy on a specimen thickness basis. It is apparent that in the thin

 specimen range the data is more compatible between the two tests than for thick=-
_nesses above .508 em {(0.200 in.). Again in this correlation the interply

Kevlar hybrid is slightly superior to the intraply AS/E8-glass system. Thus, it
appears on this basis as well as the slow bend stress data that there is reason-

able but not total agreement between the ballistic and Charpy impact test data

for ranking the composites at thickness levels below 0.508 em (0.200 in.). It
should be pointed out, however, that in the ballistic tests the effect of damping
is not accounted for and may be the reason that the Kevlar L9 hybrid appears

slightly superior to the S-glass system while the opposite is true for the pendulumv

impact results. In addition, the S-glass composite was impacted at 922 fps while
the Kevlar 49 hybrid was impacted at 910 fps.
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" FIG, 48

BALLISTIC IMPACT TEST
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FIG. 49

BALLISTIC IMPACT TEST
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FiG. 60

BALLISTIC IMPACT TEST
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BALLISTIC IMPACT TEST
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FI1G. 563
RELATIONSHIP OF BALLISTIC TO PENDULUM IMPACT DATA

SHEAR MODULUS RETENTION AT 900 FPS VS TOTAL CHARPY IMPACT ENERGY
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3.,2.3  The L/V Parameter

The chief reason for the slight reversal in performance of the AS/S-glass and
AS/Kevlar 49 in the two tests (pendulum vs ballistic) is probably related to the
differences in thickness of the laminates involved. Due to ply layup and con-
struction the Kevlar hybrid was 23 percent thicker in the ballistic test than the
S-glass hybrid (0,343 em vs 0.289 cm respectively). Significantly lower damage
levels have been found in Modmor II/286 epoxy systems by doubling the thickness
during ice ball ballistic impact. As determined by C-scan inspection the extent
of delamination was reduced from 30 percent to 4 percent with the increase in

thickness (Ref. 8).

To ascertain the effect of thickness on the results of the ballistic data
from the present work, percent retention of shear modulus has been related to
projectile energy and the impact affected volume of the composite. This is the
energy the specimen is capable of absorbing in a given volume under the point of
projectile contact. This will be referred to as the E/V parameter. k

Thus E/V = Projectile Energy = 1/2 mass xLyelocity)2
impact affected volume volume
where: impacted affected volume = (diameter of projectile)2 X specimen

thickness in meters

mass of projectile - = grams
velocity ‘ = cm/sec
or - E/V = 1/2 gecm?/sec? = dyne—cm = ergs = Joules x 1077

meter3 neter? meter3  meter3
English units for the parameter are ft=1bs/in.?

A recent report describes the use of a similar parameter in analy21ng the
residual strength of impacted laminates (Ref. 9).

The width and length of the impact affected volume was. arbltrarlly chosen
based on the diameter of the projectile. Any other width or length could be em-
ployed and would only result in a shift of the resulting data points as long as
the actual specimen thickness was used. The E/V parameter for each composite and
angle—ply tested is listed in Tables XXIX to XXXI.

The relationship of percent shear modulus retention to the E/V parameter isg
shown graphically in Figs. 54 to 56, The results show that with the 422,0 com-
posites, when thickness is .accounted for, the intraply AS/S-glass lamlnate is
better than the interply AS/Kevlar 49 as was indicated by the pendulum impact
test, Figs 39, the intraply HMS/S—glass being con51derably poorer, Similarly,
using the +h0 0,10 angle-ply configuration, Fig, 55, the intraply AS/S-glass was’

‘,also found to be superlor to the interply AS/Kevlar 49, The dlfference between
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Table XXIX

Ballistic Impact Ply Configuration Study
x Correlation of Projectile Velocity and Specimen Thickness
Type UARL-1 AS/S-Glass Intraply

| , Projectile Projectile Energy/
| Composite Velocity Tmpact Affected Volume (E/V)
§ No. Angle-Ply (fps)  m/sec  Joules/m3x 108
| B-h=R - 440,0,10 (608) 186 4,02
B=b-L (69k%) 212 4.98
B-13-R (805) 2h6 - 8.12
B-13-L | (832) 25k 8.6
B-5-R +22,0 - (589) 180 k.23
B-5-L ; (703) 21h 5.55
B-1h-R (830) 253 7.78
: - B-1h-L. | -~ (922) 281 9.55
: B-6-R +45,0 - (588) 179 3.59
_ B-15-R : - (728) 222 5.73
- B-6-L ' (808) - 24t 6.31
B-15-L o (910) 278 8.88
B
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Composite
No,

B-1-R
" B-1-L
B-10-R
B-10-L

B-2~R
B-2-L
B-11-R
B-11l-L

B-3-R

B-3-L
B-12-R
B-12-L

Taeble XXX

Ballistic Impact-Ply Construction Study
Correlation of Projectile Velocity and Specimen Thickness
Type UARL-2 HMS/S-Glass Intraply

Anglg-Plz

+40,0,10

+22,0

+45,0

Projectile Projectile Energy/
Velocity Tmpact Affected Volume (B/V)

(fps) m/sec Joules/m3 x 108
(605) 185 5.k

(702) 21k 6.94
(805) 2k6 8.08
(878) 268 9.38
(597) 182 4,32
(721) 220 6.46
(80k) ol5 7.87
(887) 273 9.68
(600) 182 h,13
(695) 212 5,62
(805) 246 7.86
(900) 275 9,88
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Table XXXI

Ballistic Impact-Ply Construction Study
Correlation of Projectile Velocity and Specimen Thickness
Type 12 AS/Kevlar 49 Interply

: Projectile Projectile Energy/
Composite o Velocity Impact Affected Volume (E/V)
No. Angle-Ply (£ps) m/sec Joules/m? x 108 '
B~T-R ' +40,0,10 (595) 182 3.37
B-T-L (698) 213 4,32
B-16-R. S (823) 25h 6.63
B-16-L (900) 275 T.71
B-8-R +22,0 (603) 184 3.6k
B-8-L (100) 21k 495
B-17-L o | (8L42) 257 6.45
~ B-1T-R , (910) 278 T.76
 B-9-R 45,0 © (611) 187 3.7
. ~ B=9-L o (707) 216 k.86
: B-18-R (819) 250 - 6.82
B-18-L , (910) 278 ' 8.45
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the three angle-plys is also evident in that +22,0 > +40,0,10 > +45,0 with the
possible exception of the intraply AS/S-glass +40,0,10 and +45,0 laminates which
gave similar E/V values. Because of the lack of a sufficient number of data
points the degree of improvement of the AS/S-glass over the AS/Kevlar 49 cannot
be accurately determined. A more definitive study of varying composite thickness,
varying angle-ply and additional projectile velocities must be carried out to
establish the validity of using the E/V parameter obtained from the ballistic
test to correlate with the pendulum impact data using thin impact specimens.

3.2,4 Correlation of E/V Parameter with Charpy Fracture Initiation
Load, Pj

An alternative approach to correlation of the two tests is the relationship
of the threshold damage E/V parameter to the fracture initiation load, P;, ob-
tained in the pendulum impact tests. Using the four angle-ply composites which
were ballistically impacted, this correlation is shown graphically in Figs. 57
and 58. With the thin specimens, Fig. 59, the three intraply types, AS/S-glass
(+22,0 and #40,0,10) and HMS/S-glass all fall on a line while the interply
AS/Kevlar 49 is slightly below. A similar plot using the P4 loads from the
standard sized Charpy specimens, Fig, 58, also resulted in the three intraply
specimens falling on a straight line with the interply AS/Kevlar 49 composite
falling considerably below. Because of the lack of sufficient data positive con-
clusions concerning this correlation cannot be made. However, it appears that
(1) with intraply construction Pi correlates with E/V regardless of ply angle and
primary fiber, (2) there is more general correlation between the pendulum and
ballistic impact tests using the thin pendulum specimens, i.e. the interply
AS/Kevlar 49 is in better agreement with the intraply data.

3.2.5 Correlation of E/V Parameter with Total Pendulum Impact Energy 3

An E/V value related to total destruction of the ballistic specimens should
correlate with the total impact energy measured by the Charpy tests, particularly
in the case of thin specimens. Although projectile velocities were not sufficient
to cause total'destruction of the panels, a correlation of BE/V vs total Charpy
impact energy is shown in Fig. 59 using the E/V values at %0C fps. In contrast
to the P;j relationship, in this instance the three AS graphlte hybrid laminates
fall on a line lrrespective of angle~ply or construction type while the HMS/
S-glass laminate falls well below. A similar plot of the same E/V values vs
total impact energy obtained using standard size Charpy speczmens resulted in
complete seatter of the data points w1th no correlation.
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Thus, the E/V parsmeter appears to have merit in correlating ballistic and
pendulum impact results both for relating initial fracture levels or total des-
truction levels. The scope and value of the parameter as 1t relates to composite
structure, angle~-ply and fiber composition cannot be definitely defined until
further study has been carried out. It can be concluded, however, that use of the
E/V parameter appears to be the best method developed to date for correlating
ballistic and pendulum impact results and merits further study.

3.3 Thin Unidirectional Hybrid Composites

In order to make a judicious selection of the final composite laminates to
be more fully evaluated in Tasks III and IV, a series of Task I unldirectional,
multi-fiber comp051tes was ref&brlcated for evaluation in the thin pendulum
impact test.

Based on the angle-ply ballistic and multi-thickness Charpy impact results,
a thickness level of approximately O. 254 em (0.100 in.) was selected for the
series of thin unidirectional composites (having greater than 19 x 108 psi modulus)
to be tested by instrumented Charpy impact. The laminates consisted of nine
HMS/S-glass, three HMS/Kevlar 49, two AS/S-glass and two AS/Kevlar 49 systems.
In addition, the homogeneous graphites, S~-glass and Kevlar 49 composites were
also 1mpacted at the same thickness level. The flexural and shear strengths of
the sixteen hybrid composites were also determined. The physical properties of
the hybrid laminates are listed in Table XXXII. For convenience in identification

“the same composite number used in Task I has been employed. Previous results may

be found in Table IV. With few exceptions, reproducibility was good. Minor shifts
in S-glass content will be noted due to a change from 20-end to 12-end S-glass
roving. Composite flexural and shear strengths are listed in Table XXXIII. (For
comparison see Tables V-VIII.)

3.3.1  Static Propefties

A1l of the laminates gave modulus values above the 19 x 106 psi minimum with
one exception. This was the tow-by-tow AS/S-glass, NAS-T6II, laminate which has
consistently given the highest impact response of any of the laminate. types tested.
A1l the composites, except two, gave slightly higher flexural strengths than pre-
viously obtained while shear strengths varied in a haphazard manner. Fallure

~ modes were the same’ as previously encountered. Some of the differences are un-

doubtedly due to use of different lots of AS and HMS graphlte fiber,

3.3.2 Dynamlc Pronertles

The impact propertles of the composites are llsted in Tables FXXIIT and XXXIV '

The results correlate well with the angle-ply‘balllstlv data in that the intra-

ply AS/S-glass (NAS-T6 II) and interply AS/Kevlar (NAS-13 IT) laminates gave nearly -
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Table XXXII

Physical Properties of Task II Unidirectiongl
Hybrid Fiber Epoxy Composites

130

v/o
v/o Fiber
Composition Density Total v/o v/a Ratio
UARL No. Type (g/cc) Fiber Resin Void (actual)
- NAS~-9II 13 1.86 HMS-36.5 33.8 0.6 HMS-56
5-28.8 S
-10II 13 1.75 HMS=51.1 33.3 2.} HMS-78.2
S-13.2 5-21.8
-158-1T 13 1.71 HMS-60.7  30.8 3.1 HMS-91.5
8-505 ) 8_8-5
-2lII 17 1,69  HEMS-58.1  32.7 3.7 EMS-91.2
S=5.7 ‘ 5-8.8
~3611 2-UARL 1.73 HMS-L43.4 38.3 2.3 HMS=T73
S=16,1 ‘ S=-27
=5511 20,1 1.70 HMS-52.2  33.5 k.2 HMS-83.7
§-10.3 5-16.3
-5LIT 2042 1.70  EMS-62,8  28.8 L. EMS-93.5
L S-4.3 ' S=6.5
~-k7D Q-Héltia 1.84 HMS-L5.k 30.8 1.3  HMS-64
' . ' S-2h, - 8-36
61T 11 1.66 AS-58.9  35.6 0 AS-91.5
' o S-5.5 ' ~ 8-8.5
~761I 1-UARL, 1475 AS-51.0 | 30,8 0.9 AS-Th .6
, S-17.3 8-25.k
-12A-I1 ,iu 1.61 HMS-56.9  31.2 k.7 HMS-89
B o K-T.1 , K-11
 =11A-IT 1k 1.53 . HMS-35.8 23.6 . 3.6 HMS-49.2
R K=37.0 ERR K-50.8




UARL No.

NAS-28II

=1311

~T81T

Composition
-m-
18

12

3-UARL

Teble XXXII (Cont'd)

v/o
Density Total
{g/ec) ~  Eiber
1.60 HMS-56.9
K-4 .8
1.57 AS-54.2
K-6.4
1.60 AS=56,1
K-’l.lol
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v/o
Fiber
v/o v/o Ratio
Resin Void (actual)
32.8 5.5  HMS-92
x-8.0
38.6 0.8 AS-89 .4
K-10.6
31.5 1.3 AS-83.6
K-16.k4

1
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. ' Table XXXIII

Flexural, Shear‘and'Pendulum;lmpact Energies of Thin Unidirectional
: Hybyid Fiber Epoxy Resin Composites®

¥/o ' - Charpy Impact
‘ . Fiber Short Beam Flexural Flexural Strength
- Composition Ratio Shear®. Strength® Modulus® Joules/ (ft-lbs/)
UARL: No. - Type (actual) MN/m? (psi) GN/m?  (ksi) GN/m?Z (psix10®) cm? in2
- NAS-9IT 13 mMs-56 k5.0 (6535) 1.345 (195.5) 1h6 (21.2) 17 (78.2)
: g-lily

-10IT 13 HMS-38.2  50.7 (7350) 1.37 (199) = 188  (27.25) 12.8  (59.4)

. 8-21.8
~15A1T - 13 . HMS-91.5 41.3 (5985) 1.55  (224,5) 207 (30.1) 9.24  (Lh.8)

s-8.5 ‘
fahII", ; 17  B HMS-91.2 44.6 (6470)  1.31 (190.5) 166 (24.1) 10.9 (50.4)
S , 5-8.8 o : ‘
3611 2-UARL  HMS-T3 41.1 (5970) 1.26  (183) 159 (23.0) 12.9  (59.3)
-55IT 20,7 EMS-33.7 k0.1 (5810) 1.68  (243.5) 1k5.5  (21.1) 13.2  (60.8)
S Ca 8-16.3 ;
shIr QOa_gjf HMS-93.5 k0.2 (5825)  1.30  (189) 162 (23.5) 9.55  (4k.0)
: S-6,5 ; : ~
R 5 9 mMs-85.2  L3.2 (6270) 1.37 (198.5) 18k (26.7) 10.3  (47.1)
R R , : 85-14.8

J4Tp o-Heltra  BMS-oh 36.7 (5300) 1.25 (181.5) 158  (22.95)  10.8  (5k.5)

5-36
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Table XXXIII (Cont'd)

V/O : , ; Charpy  Impact
Fiber Short Beam ; Filexural Flexural Strength
~ Composition = Ratio ShearP - Strength® Modulus® Joules/ (ft-lbs/)
'UARL Fo. fype . (actusl) MN/m® (psi) GN/m? (ksij  GN/m® (psix10°) cm? in
NAS-6IL 1 AS-91.5 125.5 (18,200) 2.39 (346.5) 148 (21.55) 16.5 (76.5)
: 5-8.5 N *
7611 1-UARL "MAs-Th.6 118  (17,100) 1.98  (285.5) 122 (17.7) 23.2  (107)
S=25.k4 (270.8)
-12AI1 ‘ e ms-89 46.6 (6760) 1.58  (229) 202 (29.2) 9.0k  (41.6)
K-11 :
 -11AII 1k EMs-19.2  s50.2 (7288) 1.25 (181) 138.5  (20.1) 12,7 (58.6)
' K-50.8 : ‘ ‘
28I 18 ms-92 b0 (6360) 1.i2  (206) 18 (21.5) 10,1 (46.5)
: K-80 | '
-13IT 12 AS-89.4 100  (1k,450) 1.96  (285) 138 (19.9) 19.6  (90.4)
| K-10.6 (237)
~781I 3-UARL - As-83.6 80  (11,650) 1.875 (272) 132 (19.15) 19.3 (89.0)
o K-16.k (293)
~1ATT AS ‘As-59 12k (17,980) 1.90  (275) 125 (18.1) 15.1 (69.7)
-3AIT  S-glass s-66 109  (15,870) 1.90  (275) 56 (8.1) 56.3  (259.5)
' -5A1I . Keviar K-66.9 1.6 (6030) . 0.68  (98.4) 75.8  (11) 15.7 (72.6)
6111 mMS mMs-63 49 (7100) 1.185 (172) 190  (27.5) 8.72  (0.2)

‘aAveragefof two tests
‘bgpan-to-depth = L/1
- ©3-point flex, 32/1
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Impact Data for Thin Unidirectional Hybtrid

Composition
UARL No. Type
NAS-9II 13
-10II 13
-15ATT 13
~24TT 17
-36I1 2-UARL
-55IT 20,1
-5UII 20, o
-T2II 9
-47D 2-Heltra
~6I1 11
-T6IL 1-UARL
~12ATT 1k
~11ATT 1k
-28I1 18
-=131I 12
-781I 3-UARL
~1AIT -
=3ATI -
-5ATT -
-61TT -

;aaverage of two tests

Table XXXIV

Fiber Epoxy Composites

Fiber

HMS/S-glass

AS/S-glass
n.o

HMS/Kevilar
"

"

AS/Kevlar

AS

’ S~-glass

Kevlar

Py = Ppax Strength®
Newtons  (1bs) Joules (ft-1bs)
53k (120) 2.76 (1.97)
53k (120) 1.96 (1.40)
53k (120) 1.93 (1.38)
623 (1k0) 2.2 (1.57)
710 (160) 3.05 (2.18)
890 (200) 2.7h (1.96)
1110 (250) 2.58 (1.8%)
712 (160) 2.07 (1.48)
391 (88) 1.3 (0.93)
624 (1k40) 3.36 (2.40)
1200 (270) k.57 (3.27)
T12 (160) 1.85 (1.32)
62k (140) 2.31 (1.65)
756=pi= (170)
935=P, -, =(210) 2.26 (1.61)
1065=P;= . (2hk0) g >
1690=Ppax=(380) e (3.20)
710=Pi= (160) ~ '
1242=Ppa,=(280) - ¥edd (2.98)
1420 (320) 244 o (1.7H)
. 1020=Pj= (230) 8.+ (5.
1420+=Ppax= (320+) B3t > ?5)
232=Py= (52) | 88 "
- 33U=Ppax=(75) 18 (1.34)
666 (150) 1.6  (0.83)

13k .

Charpy Impact
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the same impact response, 10T and 90.4 ft-1b/in.? respectively, while the intra-
ply HMS/S-glass laminate (NAS-36 II) was lower, 59.4 ft-1b/in.2, Tt should also
be noted that the fracture initiation energy, P;, of the hybrid composites is
similar to or less than the Pj obtained for the respective homogeneous graphite
laminates. These data indicate that hybridization while improving total energy
adsorption capability may not result in merked improvements in threshold damage
levels as measured ballistically.

A plot of flexural modulus vs impact energy shown in Fig. 60 identifies the
six laminate types which meet the criteria for further evaluation in Tasks III
and IV. These are:

a. NAS-9 II
b. NAS5-10 II

HMS/S-glass (50 v/o) interply
HMS/S-glass (25 v/o) interply
c. WAS-36 II - HMS/S-glass (25 v/o) intraply
d. HAS 6 IX AS/S-glass (10 v/o) interply
e. WAS 13 II - AS/Keviar 49 (10 v/o) interply
f. HAS 78 II - AS/Kevliar 49 (15 v/o) intraply.

The selection of these six composites will be discussed in more detail below.

To provide added emphasis. for the use of the thin Charpy impact sgpecimen to
correlate with ballistic data it was of interest to compare the standard specimen
(thick specimens) in the same manner to determine any differences in selection which
would have resulted if the selection were made at the end of Task I. Figure 61
illustrates the differences obtained with the thick specimens using data from
Task I for the same sixteen unidirectional composites. Based on these resulis only
three of the above composites, b, ¢ and e, would have bheen chosen for study in
Tasks III and IV, In addition, a large difference in the relative impact response
of AS graphite, Kevlar 49 and HMS graphite homogeneous laminates was found. - With
thin specimens AS and Kevlar 49 gave essentially the same impact energy with HMS
approximately 40 percent 1ower while with the standard sized specimens Kevlar L9 >
AS > HMS.

The core-shell HMS/S-glass and Kevlar 49 laminates as well as the interply
HMS/Kevlar L9 laminates show the same relative response of modulus to impact
energy in both the-standard and thin Charpy specimens,: These results indicatbe
the impact response of the various hybrid laminates to thickness changes is
different depending upon the primary as well as secondary fibers employed as well
as the type of ply layup. Additional investigation of the thickness effect must
" be carried out before any definite conclusions can be made.

3.4 Analysis of Thickness Effects
Asqpreviously discussed in Section 2.2.3 shear stress and flexural stress
interaction diagrams:were constructed for g unidirectional hybrid fiber composite

to determine the max1mnmAL/h value at which failure should occur in interlaminar
shear. Above that pOlnt failure shoula‘be controlled by flexural propertles.
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Similar calculations were carried out using the angle-ply data for two cf the
four angle-ply composites evaluated. These were HMS/S-glass [+22,0,+22,0,-22]g
NASX-12 and AS/S-glass [+40,0,+10,0,-10]5 NASX-5. The shear stress interaction
diagrams are shown in Figs. 62 and 63, In both instances it is apparent that the
theoretical beam equations employed do not relate to angle-ply systems but are
only applicsble for unidirectional laminates. Reasonable agreement between theory
and results obtained from pendulum impact and slow bend tests was found at high
L/h values, i.e. in the flexural failure mode area, but at low L/h, approaching
the shear failure mode area, deviation from the theoretical curve was evident,
Similar effects were found in the flexure stress interaction diagram for the two
composites, Figs. 64 ana 65,

The type of analysis required to develop new beam équations for shear and
flexure stresses in angle-ply composites is beyond the scope of this program.
Therefore, no further effort to determine thickness effects as they relate to
failure modes in these composites was carried out.

3.5 Conclusions from Task II Results

The [+40,0,+10,0,-10]; angle-ply configuratior is superior to [+22,0,+22,0,-22]
configuration in pendulum impact resistance while the reverse is true in terms of
composite modulus for AS/S-glass and HMS/S-glass intraply and AS/Kevlar L9 interply
laminates, The [+45,0,+45,0,-45]5 configuration is inferior to the other angle-plys
in both modulus and impact resistance.

For each angle-ply tested the AS/S-glass intraply laminate offered the best
combination of modulus and pendulum impact energy. ’

A definitive change in impact energy levels and presumably fracture mechanism
occurs near the 0.508 e¢m (0.200 in.) thickness range when decreasing the angle~ply
composite thickness. from that of a standard Charpy specimen. This is apparent in
total impact energy obtained, load-time trace curves and comparison of static and
dynamic shear and bending stresses calculated from slow bend and impact tests,

In ballistie impact the intraply AS/S-glass and interply AS/Kevlar 49 lami-
nates attain similar threshold damage levels using the [+22,0,+22,0,-22]; and
[+40,0,+10,0,~10]5 angle-ply construction. The Kevlar-hybrid is slightly superior
in both instances., The HMS/S-glass intraply laminate in all three angle ply ‘
configurations was considerably poorer. This was true when correlating percent
shear modulus retention with projectile velocity or total pendulum impact energy.

A ballistic impact parameter (E/V) which relates projectile energy and im-
pact'éffected volume of the specimen has been shown to provide improved corre-
lation between the ballistic impact data and pendulum impact data, resulting in
‘the same ranking order for laminates impacted in the two tests., The E/V parameter
‘accounts for thickness variations in the present study.
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With the intraply construction it was shown that fracture initiation load
(from pendulum impact) correlates with the ballistic threshold damage parameter,
E/V regardless of ply-angle or primary graphite fiber. The E/V value near the
point of total destruction under ballistic impact correlates with the total im-
pact energy obtained in thin Charpy specimens regardless of angle-ply or hybrid
construction but differentiastes between primary graphite fibers.

Damage threshold levels as measured in thin Charpy hybrid specimens were
lower than those measured with homogeneous graphite specimens. Thus, it appears
that hybridization did not increase the resistance to initial fracture. How-
ever, total energy absorption or resistance to catastrophic failure was increased.

3.6 Selection of Laminates for Evaluation in Tagks IIT and IV

As indicated in Section 3.3 above, the six selected laminates for further
evaluation in Tasks III and IV provide the best combination of impact level -
together with other mechanical properties. This conclusion is based on the test
results from all fabricated laminates in Tasks I and II., The criteria used for
selection was as follows: (1) impact level; (2) When compared with the mechanical
properties of unidirectional homogeneous composites made from primary fibers, the -

. candidate laminates shall have (a) flexural and short beam shear strengths not

less than 80 percent and TO percent, respectively of the strengths of the homogeneous
composites, and (b) composite flexural modulus not less than 19 x 108 psi. The
selections were submitted to and approved by the NASA-LeRC Project Manager.

Because the tow-by-tow AS/S-glass system (NAS-T6) had consistently given high
impact response, it was included in the group for Tasks IIT and IV to give a total
of seven laminate types rather than six. As shown in Fig.,61, this system does not
meet the modulus requirement. However, it does give the same modulus.level as
obtained with the homogeneous AS graphite system.

The mechanical properties of the seven selected hybrid fiber composites are
listed in Table ¥XXV. They include three HMS/S—glaSS’(one tow-by-tow and two:
interply), two AS/S-glass (tow-by-tow and interply), and two AS/Kevlar 49 III
(tow-by-tow and interply) laminate types. The AS/S-glass and AS/Keviar 49 inter-
‘ply composites could also be considered as core/shell since they consist of one
hybrid fiver layer inserted between eight AS graphite layers.

The order in terms of impact response is different based upon standard sized
Charpy and thin Charpy specimens which reflects the difference in primary failure
mode between the two thickness levels. This difference is most apparent in the
HMS/S-glass composites which by standard Charpy shows the tow-by-tow construction
(NAS=36) to be superior to the interply type (NAS-9 and 10). This is due, as '
previously discussed, to the out of plane shear failure of the tow-by-tow con~
struction. In the thin Charpy laminates the level. of S5-glass content appears fo
control impact energy. NAS-9 (50 v/o glass) had a higher impact energy than
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Table XXXV

‘HMeéhaniéal Properties of Hybrid Fiber Composites for Task IIT and IV Evaluation

_ k~HMS/S—glass - HMS/S-glass | HMS/S-glass AS/S-glass AS/S-glass = AS/Kevlar AS/Kevlar
o e 2-UARL " Type 13 - Type 13 1-UARL Type 11 3-UARL Type 12
! ' - NAS-36 NAS-9 NAS-10 NAS-T6 NAS-6 NAS-78 NAS-13
Flexural® -~ 177 198 195 278 295 283 261
- Strength, '
Modulus®, 21.8 ©19.4 27.9 18.1 19.7 19.15¢ 19.7
psi x 10° ,
= Shear®, - 7085 - 7200 7725 17,675 16,660 12,880 12,125
Tmpact® 245 20 18 37.5 30 19 21
. Standard R : ‘
- Charpy, ft=lbs
Thin Charpy®  59.3 78.2 o594 107 76.5 89 90. 4
 ft-1b/in. ~ , ~
5 8average of five tests

average of three tests
- “average of two tests




cither NAS-10 (22 v/o glass-interply) and NAS-36 (27 v/o glass-intraply) which
gave the same impact response. This indicates that shear failure is of minor
importance in the thin Charpy, and presumably in ballistic impact at the L/h

ratios used.

Comparison of the AS/S-glass and AS/Kevlar composites also shows the effect
of specimen thickness. With standard Charpy specimens the two AS/S-glass lami-
nates were considerably higher in impact response than the Kevlar hybrids. In
the thin impact specimens the AS/Kevliar laminates are intermediate between the
AS/S-glass intraply (tow-by-tow) and interply constructions.
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TV. MECHANICAL PROPERTY CHARACTERIZATION OF UNIDIRECTIONAL COMPOSITE LAMINATES -
TASK III

In order to gain a more complete understanding of the effects of hybrid fiber
reinforcement and ply construction on the mechanical properties of epoxy resin
matrix composites, a more comprehensive evaluation of the seven laminates selected
at the end of Task II (Table XXXV) was undertaken. The seven selected laminates
were fabricated as before using unidirectional ply configuration in 11.4 cm
(4.5 in.) x 2.67 cm (10.5 in.) panels from which were cut specimens for longitudinal
tension and compression, transverse tension and compression and shear strength
(5211T’ Sg1lcs S22t Bgooes and Szlzs) tests., The physical properties of the
resulting lamina‘ -s are listed in Table XXXVI. For convenience, the composites
are identified using the same numbers as used in Tasks I and II. All testing
was carried out in triplicate. '

4,1 Interlaminar Shear Strength

The room temperature shear strengths obtained (8/D = 4/1) are listed in
Teble XXXVII together with the results previously recorded in Tasks I and II. Wwith
two exceptions, the Task III shear strengths fell between the averages of the
two previous tests. The two HMS/S-glass interply laminates gave higher shear
levels than were previously noted. These laminates were made using a different
lot of HMS fiber and as was previously mentioned variations in fiber lots have been
noted. This undoubtedly accounts for the results obtained.

All composite test specimens were characterized by shear failﬁre a8 was pre-
viously found in Tasks I and II. These shear results are used in Task IV to
correlate with the high and low temperature shear test data.

4,2 Tensile Strength and Modulus

The room temperature transverse and longitudinal tensile strengths and moduli
of the seven selected composites are listed in Table XXXVIII, "

The transverse tensile strengths of the AS/S-glass inter and intraply lami-
nates are far superior to any of the other combinations with the latter type
(t0w=by—tow) having the highest strength (10,700 psi) as well as modulus. With
the three HMS/S-glass composites the strength increased as the glass content
increased in the interply type with the intraply (tow-by-tow) giving the lowest
strength but the highest transverse modulus. A similar effect was found with
 the two AS/Kevlar laminates. The intraply configuration had the lower strength
but higher modulus compared to the interply. These results reflect the differences
in the two types of construction in that in the interply only the fiver layers -
which have the highest transverse tensile properties are involved in load transfer
while in the intraply type the combined fiber transverse properties are involved.
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Table XXXVI

Physical Properties of Task III Hybrid Composites

k7

v/o
v/o Fiber
Composite Composition Density Total v/o v/o Ratio
No. Tvpe (g/cc) Tiber Resin Void (actnal)
NAS-T78 III Intraply 1.55 AS-51.2 38.0 1.2 AS-8k.1
Kevlar-9.6 ' Kevliar-15.6
NAS-13 III Interply 1.59 AS-61.1 31.3 1.k AS-90.8
Kevliar-6.2 Kevlar-9.2
NAG-9 TIT Interply 1.65 HMS-33.9 49,1 2.4 me-10
‘ 5-1k.6 530
NAS-10 III  Interply 1.65 AMs-hl.5  Lh.6 2,9 HMS-85. 0
: §-8.0 8-15.0
NAS-36 III Intraply 1.72 HMS-40.6 40.3 2,2 HMS-70.8
§-16.9 5-29.¢
NAS-6 IIT Interply 1.63 AS-50.7  h1.7 3.2 AS-90.8
‘ g-h.b 5=9.2
NAS-T6 III . Intraply. 1.68 - AS-46.5 h1.3 3.7 AS-TT.5
o ' - 8-13.5 ' 5-22.5
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Composite
No.

NAS-T8 III
NAS-13 III
NAS-9 III
NAS-10 III
NAS-36 III
NAS-6 TII

NAS-T6 III

Table XXXVII

Room Temperature Interlaminar Shear Strength of
Hybrid Fiber Epoxy Composites

Fiver
AS/Kevlar
AS/Kevlar
HMS/S-glass
HMS/S-glass
HMS/S-glass
AS/S—g;ass

AS/S=glass

Construction

Iype

Intraply

Interply

Interply

Interply

Intraply

Interply

Intraply

Interlaminar Shear Strengtha

%/D = 4/1; values are average of three tests
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Task I  Task IL
Mi/m?  (psi) (psi)  (psi)
9of5 (13,130) (1k,120) (11,650)
83.8 (12,165) (1Q,800) (14,450)
70.4 (10,207) (7,940) (6,535)
72.5 (10,560) (8,100) (7,350)
1&3.2 (6,270) (5,970) (8,200)
i16.5k (16,930) (18,209)‘(;5,125)
112.0 (16,280) (18,250) (17,100
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?1 i f | | Table XXXVITI

Transverse and Longitudinal Tensile Strength and Modulus
of Hybrid Fiber Epoxy Composites?®

’?’All data average of three tests at room temperabure

e L A B R e T R T I R S S o T

P g i
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, Transverse o Longitudinal
] Composite e Construction Strength Modulus Strength Modulus
3 No. © Fiber Type Mi/m?  (psi) GN/m?  (psix10%) GN/m? (ksi) GN/m? (psixlOG)
b RS .
’ WAS-78 III  AS/Kevier Intraply 16.% (2380)  1L.8  (2.1%) 1.68  (24h) 122 (17.7)
NAS<13 III  AS/Kevliar Interply 26.2  (3790) 12.6 (1.83) 1.78  (257.9) 143.5 (20.8)
NAS-9 TIT  HiS/S-glass Interply '32.8 (4150)  13.0  (1.88) 1.035 (150.25) 136 (19.7)
e k : ‘
" NAS-10 III  HMS/S-glass  Interply 25.7  (3725) 11.1 (1.61) 1.1%  (165.4) 1k3.5 (20.8)
NAS-36 TIT  HMS/S-glass = Intraply 15.9 (2300) 13.6 (1.98) 1.12  (162) 168 {24.35)
| NAS-6 III  AS/s-gless  Interply 5:.5 (1915)  11.7 - (1.7) 1.63  (237.6) 115.5 (16.76)
- HAS-T6 11T AS/8-glass ,intraply 73.8 (10,700} 15.9 (2.3} 1.59  (231) 11k (16.5)




In contrast, longitudinal tensile strengths and modulus are relatively
insensitive to the ply construction type. The differences which do occur appear
to be related to the ratio of the two hybrid fibers employed in each composite
system,

4,3 Compressive Strength and Modulus

The room temperature transverse and longitudinel strengths and moduli of
the seven selected composites are listed in Table XXXIX.

The transverse compressive strength and modulus of the AS/S~-glass and
HMS/S-glass intruply composites were higher than those of the corresponding
interply types in each case. In contrast, the AS/Kevlar intraply composite
had a lower transverse compressive strength and modulus compared to the corres-
ponding interply leminate (NAS-9), This, as discussed above, reflects the use
of the combined fibers in load transfer in the intraply systems as well as the
poorer compressive properties of Kevlar 49 compared to S-glass.

The longitudinal compressive strengths, as were the longitudinal tensile

properties, appear to be relatively insensitive to ply construction and reflect
more the ratio of the two fibers involved in each laminate.
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Table XXXIX

Transverse and Longitudinal Compressive Strength and Modulus
’ of Hybrid Fiber Epoxy Composites?

v , : : Transverse Longitudinal
Cumposite , - Construction Strength Modulus Strength Modulus

Ho. ~ Fiber Type MU/m? (ksi)  ON/m?2 (psix10%)  oN/m® (ksi) GN/m? (psix10°)
NAS-78 III  AS/Kevlar Intraply’ 193 (28.0)b 12,k (1.8) 1.32 (191.8) 12k (18.0)
WAS-13 IIT AS/Keviar Interply 246 (35.7) 13.8  (2.0) 1.%1 (205.2) 166 (24.1)
NAS-9 III ~ HMS/S-glass  Interply 163 (23.6) 13.4 0 (1.94) 0.755 (109.k) 136 (19.7)
NAS-10 III HMS/S-glass  Interply 173 (25.1) 11.5  (1.67) 0.905 (131.7) 154 (22.3)
NAS-36 III HMS/S-glass  Intraply 162 (23.5° 2.4 (3.1)  0.815 (118.5) 1545  (22.4)
§AB-6 IIX AS/SAgléss Interply 225 (32;6) 13.9 (2.02) 1.29 (188.1) 138 (20.0)
NAS—TGvIII ‘AS/S-glass Intrapiy 265 (38.1) 16.5 (2.4) 1.26 (183.5) 118 (17.1)

%11 strength data average of three tests except where indicated.
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v, FINAL COMPOSITE LAMINATE CONFIGURATION SCREENING - TASK IV

The objective of this task was to perform more extensive properties studies
on the seven selected laminates. In particular the effect of temperature and
resin matrix on shear, flexural, and thin Charpy impact strengths as well as
coefficient of thermal expansion has been determined. The three resin matrices
used were ERLA-4617 epoxy, PMR-15 polyimide (Ref. 10) and polyphenylquinoxaline
prepared from monomeric reactants (Ref. 11). Fabrication procedures for each type
are described in the Appendix. The seven laminates were divided between the three
resin types as follows:

Composite

No. Type Fiber Resin
NAS-9 IV Interply HMS/S-glass Epoxy 4617

=13 IV Interply AS/Kevlar Epoxy L6617

-78 1V Intraply AS/Keviar Epoxy 4617
NAS=36 IV Intraply HMS/S-glass PMR-15 polyimide

-76 IV Intraply AS/S-glass PMR-15 polyimide
NAS-6 IV Interply A8/S-glass PPQ

-10 IV Interply  HMS/{-glass PPQ

The physical properties of the fabricated composites are listed in Table XL. All
testing was carried out in triplicate. For convenience the composites are identified
using the same numbers as used in Tasks I, IT and ITI. The two polyimide laminates
had a lower total fiber content (~50 v/o) than the average fiber volume {~60-65 v/o)
which the majority of composites contained throughout the program. The results are
discussed without normalizing the polyimide data to the average fiber volume.

5.1 Interlaminar Shear Strengths

Shear strengths determined at ~74.6°Cc (-100°F), 1L49°C (300°F) and 315°C
(600°F) for the seven laminates are listed in Table XLI and shown graphically in
Fig. 660 )

In general, shear strength increased with decreasing temperature. The
magnitude of the increase when cooling from room temperature to -74.6°C varied
depending upon the resin matrix and ply construction, AS/S-glass/polyimide~intraply,
AS/Kevlar/epoxy-interply and AS/S-glass/PPQ-interply showed significant increases
in shear with drop in temperature while AS/Kevlar/epoxy-intraply, HMS/B-glass/epoxy—~
. interply and HMS/S—glass/polylmlde-lntraply gave only minor increases. The HMs/
S-glass/PPQ-interply laminate had a lower shear strength at -Th.6°C than at room
temperature. This latter type of behavior has been reported in other PPQAlamlnates
with HMS relnforcement (Ref. 12)
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Physical Properties of Task IV Hybrid Composites

Table XL

Composite  Composition Density
No. Type Resin g/cc
NAS-T8 IV Intraply Epoxy 1.55
NAS-13 IV Interply Epoxy 1.59
NAS-9 IV Interply Epoxy 1.65
NAS-T6 IV Intraply PI 1.63
NAS-36 IV Intraply PI 1,64
NAS-6 IV Interply PPQ 1.62
NAS-10 IV Interply PPQ 1.66
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v/o
v/o Fiber
Total v/o v/o Ratio
Fiber Resin Void {actual)
AS-51.2 38.0 1.2 AS-8L.2
Kevliar-9.6 ‘Kevlar-15.8
AS-61.1  31.0 1.k A8-90.8
Kevlar~6.2 Kevlar-9.2
HMS-33.9 49,1 2.4 HMS-T0
S-1k4,6 ' 5-30
AS-38,1 k42,7 4.5 AS-T72.3
S-1h,7 8-27.7
HMS-35.0 5,2 5.7  HMs-71.5
S-1k4.0 8-28,.58
AS-55.1 k41,1 O AS-93.55
5-3.8 : s-6,h5
HMS-55,1  32.2 4.7 - HMs-87.3
S-8.0 8-12.7




Table XLI

Interlaminar Shear Strength of Hybrid Fiber Composites
’ Temperature Effects

Interlaminar Shear Strength,a

Composite ’,‘ | Construction : Mi/m? (psi)
No. ~ Composition Type ___=Th.6°C ahe®c o ___315°C

: NAS-T8 IV k'A’s/Kevlar/Epo;g | | Intraply :85.0 (13,550)  58.8  (8543) -

; KAS-13fiV - AS/Kevlar/Epoxy Interply - 118.5 (17,201) 50.0  (7260) -

[ NAS-9 IV | HMS/S—gla.ss/Epoxy‘ Inéerply 70.5  (10,230) 25.8  (3750) -

2 e ,

‘ NAS-T6 IV , As/s-glass/Pi . ~ Intraply - 12k.8  (18,100) 62.6  (9100) 37.8  (5485)

| 'NA‘S-‘-‘36 v | H5/S-glass/PI Intraply 54,5  (7910) Bh.7  (6490)  29.2  (4230)

AS-6 P | As/s-g;as~s/PPQ e Interply  105.5 ’(15,310) 65.5  (9500) 40.9  (5940)
NAS-10 ’ivc‘ | o HMS/S-glass/PPQ Interply 37.7  (5473) k1.8 (6063) 4.1 (2040)

a8g/p = L4/1, averége of three tests
,bShear strength at RT = 11,900 psi
CShear strength at RT = 6800 psi




FiG. 66
INTERLAMINAR SHEAR STRENGTH VARIATION WITH TEMPERATURE
HYBRID COMPOSITES
19x103 =3130
A  AS/S—GLASS, PI-NAS-76-INTRAPLY
X HMS/S—GLASS, PI—NAS—36—INTRAPLY — 120
Y @  AS/KEVLAR, EPOXY—NAS—78—INTRAPLY
\ O HMS/S-GLASS, EPOXY—-NAS-9—INTERPLY | 110
\\ O  AS/KEVLAR, EPOXY—NAS—13—INTERPLY
s ©  AS/S-GLASS, PPO_NAS—6-INTERPLY 100
@ HMS/S—GLASS, PPQ-NAS—10—INTERPLY

INTRALAMINAR SHEAR STRENGTH, PSi

- E

90

80

70

60

INTERLAMINAR SHEAR STRENGTH, MN/M2

50

X 30

20

l . S i , - ;
—100 0 00 200 300 200 500 600
TEMPERATURE, °F SR :
| | | I L 1 i | x
-75 —25 25

75 125 176 226 271%
TEMPERATURE, °C :

155

TR PN TR TS

sk bt

FEPTRMRAERLLR ks S50 1 RO R

Lhalenie

s




. having essentially some strength at -TL.6° and 149°C. Strength decreased rapidly,

kthe various matrix resins used. The polyimide systems showed only slight modulus
change from 149°C to 315°C. The AS/nglass laminate had the same modulus at all ‘

The change in shear strength with increasing temperature (above RT) was
also varied with the epoxy laminates showing more rapid strength losses than the
PPQ or PI systems. At 315°C the high temperature resin matrix laminates with -
AS/S-glass reinforcement gave nearly the same shear strength regardless of ply
construction (inter or intraply) or matrix resin, PI or PPQ. With the HMS/S-glass
laminates the PI intraply laminate had a signi¥icantly higher strength than the
PPQ interply system.

In the epoxy systems the effect of ply construction on 149°C (300°F) shear
strength was also apparent. AS/Kevlar reinforcement with the intraply configura-
tion showed significant improvement in strength retention over the interply
construction even though the latter has a higher total fiber content (67%) with
a lower Kevliar 49 content (6%). Evidence of the out-of-plane shear fracture,
typical of the tow-by-tow construction, was found in the tested intraply laminate
which would account for the superior strength retention.

5.2 Flexural Strength and Modulus

The flexural properties of the seven composites measured at -Th.6°C, 149°C,
and 315°C are listed in Tables XLII and XLIII.

Variations in flexural strengths were minor in the two PPQ laminates each
however, from 149° to 315°C. The two polyimide composites behaved similarly in
that both had lower strengths at 149°C than at -Th.6°C. The decrease in strength
from -T4,6 to 315°C is linear with the AS/S-glass laminate having the greater
strength at all temperatures. The ‘three epoxy laminates all gave rapid strength
losses from room temperature to 149°C. Two of the composites decreased in strength
on cooling from room temperature to -T4.6°C while the third, AS/Kevlar interply
showed a slight inerease in strength from RT to the low temperature.

The differences in composite failure mode appeared to depend mainly upon
the resin matrix rather than construction. The two interply PPQ laminates both .
failed in shear at -76.4°C and 149°C and in compression at 315°C. The two intra=- :
ply PI composites failed in tension at -76.4°C, in tension and compression at
149°C and in compression only at 315°C. The three epoxy composites interply and
intraply each failed in tension at -76.4°C and in compression at 14L9°C. Thus, at
elevated temperatures, in particular, the softening or thermoplastic nature of
the matrix appears to have an effect on the failure modes.

- The change in flexural modulus Withktemperaturé was also different with

temperatures while the HMS/S-glass laminate'gave a somewhat higher modulus at
-7h.6°C than at 315°C. The PPQ composites gave slight variations in modulus
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Composite
- No.

NAS-T8 IV
WAS-13 IV

. NAB-9 IV

NAS-T6 IV

NAS-36 IV

NAS-6 IV

NAS-10 IV

;Ocmgosition~

AS/Kevlsar/Epoxy
. "AS/Kevlar/Epoxy

_ HMS/S/Epoxy

AS/S/PI

HMS/S/PI

"As/s/PPQ

HMS/S/PPQ

Table XLIT

Temperature Effects?

“ Construction

Type

Flexural Strength,

Flexural Strength of Hybrid Fiber Composites

Intraply
Interply
Ipterply
Intraply
‘hmrﬂﬂy
Interply

Interply

e Ak s Bt St b L L BB D TRl T LA

 ®M11 data average of three tests. S/D = 32/1 three point loading.

(psi x 103) GN/m?
-7h.6°C 149°C 315°¢C

(240) 1.66 (125) 0.86 -

(293) 2.02 (117) 0.806 -

(163) 1.12 (9k) 0.648 -

(195)  1.3b (138)  0.95 (63.6) 0.4k
(1Lk)  0.99 (92.9) 0.6k (57.66)  0.398
(115.5) 0.77 (91.9) 0.634 (36.7) 0.253
(160)  1.11 (152) 1.05 (29.85) 0.206
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Composite

No.

NAS-T8 IV

NAS-13 IV

NAS-9 IV

' NAS-T6 TV
;NAS*BG v o
' NAS-6 IV

NAS-10 IV

8A11 data average of three tests,

Composition

AS/Kevlar/Epoxy

'AS/Ke#lar/Epoxy

HMS /8 /Epoxy

AS/s/P1

HMS/S/PL

AS/S/PPQ

 HMS/S/PPY

Table XLIII

Flexural Modulus of Hybrid Fiber Composites'
B Temperature Effects?

Flexural Modulus

(psi x 10°) GN/m?

Construction .

Type -74.6°C
Intraply’ (12.&3) 85;5
Interply‘ (17.5) 121
Interply (16.9) 111.65
Intraply (11.22) | 7.4
Intraply (17.7) 122
interply (15.5) 107
Interply (28.4) 196

S/D = 32/1 three point loading

315°C

149°¢
(15.5) 107
(19.55) 135
(14.2) 98
(11.33)  T7T.5
(13.03) 90
(17.4) 120
(26.3) 181.5

(12.3) 85

(7.15) hg.2

(9.65) 66.5




between ~76.4° and 149°C with sharp decreases occurring up to 315°C. The three
epoxy laminates each peaked at room temperature with only the AS/Kevlar interply
laminate showing no modulus reduction from RT to the 149°C level.

5.3 Pendulum Impact Strength (Thin Specimens)

The results of the Charpy impact test at the three test temperatures,
-76.4% 149°, and 315°C, as well as room temperature are listed for each of the
seven selected laminates in Table XLIV in terms of P;, Pygx and total impact
energy.

In all cases except for one, the Py and Ppay loads were the same. The =
exception was the AS/S-glass/PPQ interply laminate which showed fracture initiation
slightly below the highest load capability prior to catastrophic failure. The
load—-time traces of the AS/S/PI intraply (NAS-76 IV) are shown in Fig. 67 to
illustrate the effect of temperature on impact load.

The measured total impact energy variation of the seven laminates with tem-
perature is illustrated graphically in Fig. 68. The three epoxy laminates each
peak at room temperature with a slightly lower impact energy at 149°C than at
-T4,6°C, The AS/Kevlar interply composite resulted in the highest impact strength
at room temperature but the HMS/S-glass interply was the best system at ~-Th.6
and 149°C of the three epoxy matrix laminates.

The two PPQ laminates behaved similarly in that little change in impact
strength occurred from -Tk.6 to 149°C followed by a more marked decrease up to
315°C. As would be expected the AS/S-glass laminate had double the impact energy
of the HMS/S-glass up to 149°C and was 1.5 times greater at 315°C. The two
polyimide systems proved to be the most interesting of the seven laminates The
HMS/S~glass intraply composite gave a substantial decrease in impact re51stance
from -Th.6 to 149°C (approximately 50% loss). At 315°C, however, the impact
strength was higher than the value measured at room temperature. This increase
in strength at the elevated temperature may be due %o thermoplasticity or plastic
flow in the resin matrix although there was no visual evidence in the fractured
specimens which would indicate this to be the case. Purther testing will be
required to validate the present-data.

The AS/S/PI intraply system proVed to have the best overall impacﬁ'reﬂistancp
over the temperature range investigated. . The impact strength decreased uniformly
from -T4.6 to 315°C. The high temperature impact strength was 75% of the strength
found at -T4.6°C and 85% of the room temperature strength. It should be noted
that the total fiber content of the laminate was only 52 v/o and that if normalized
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Teble XLIV

Pendulum Impact Energy Variation with Temperature %
Hybrid Fiber Composites®

Impact Load Energy Energy/Ares .
P; = Pnax
Composite Newtons (1bs) Joules (ft-1bs) Joules/cm® (ft-1b/in?)
HMS/S/Epoxy-Interply
NAS-9 IV
RT | - - 3.36 (2.4) 17.9 (83.2)
-100 5,600 (127) 2.78 (1.99) 15.3 (71.0)
300°F 6,660  (150) 2.54 (1.81) 13.9 (64.5)
AS/Kevlar/Epoxy=-Intraply
NAS-T8 IV
RT 14,900  (335) 3.52 (2.52) 15.2 (70.5)
-100 11,700  (263) 2,48 (1.77) 11.2 (52.0)
300°F 12,000 (270)  2.39 (1.71) 10.35 ~ (48.0)
AS/Kevlar/Epoxy-Interply ' v ,
 NAS-13 IV . , ~ , Tt
RT 12,600 (283)  h.3h  (3.1) 22.6 (105) i
-100 11,000 (247) 2,73 (1.95) 1k.0 (64.8) :
300°F 11,000  (247) 2,16 (1.54) 10.8 (50.0) ;
- A8/8/PI-Intraply : : V : H
. NAS-T6 IV , ' o 1
RT 14,500  (327) 4.0 - (2.95) 17.1 {79.2)
-100 16,000  (360) 4.63 (3.33) 19.45 - {90.2)
300°F , 14,200  (320) 3.7 (2.64) 15.75 (13.0)
600°F ’ 9,200  (207) 3.k (2.43)  1k.s (67.1)
- HMS/S/PI-Intraply ' o : L R ;
NAS-36 IV - 7 , .
‘ RT 7,770 {175)  2.84  (2.03) 2.8 (59.2)
-100 ; 6,900  (155) 3.96 (2.83) 19.k (89.8)
300°F 6,980 (157)  2.46  (2.76) 10.8  (50.0)
600°F ‘ 6,230 (1k0) 2.72  (1.9%)  13.9  (6k.2)
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Table XLIV {Cont'd)

Impact Load Energy Energy/Area
Pi = Pnax
Composite Newtons (1bs) Joules (ft-1bs) Joules/em? (fi-1b/in?)
HMS/S/PPQ-Interply
NAS-10 IV
RT 5,480  (123) 1.25 (0.89) 7.0 (32.4)
-100 6,000  (135) 1.25  (0.89) 7.0 (32.4)
300°F 6,900 (155) 1.11 (0.79) 6.26 (29.0)
600°F 5,350  (120) 0.825  (0.57) .5 (20.9)
AS/S8/PPQ-Interply
NAS-6 IV
- RT 7,340  (165) 3.22 (2.3) 1k.05 (65)
-100 €,800 (153) 3.3 (2.36) 1k.o7 (65.2)
300°F 6,100  (137) 2.98 (2.13) 13.1 (60.6)
1.69 - (1.21) T.46 (34.6)

600°F 6,800 (153)

aAll data average of three tests at each temperature
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to a Tiber content of 65 v/o, used throughout the program, would result in higher
overall impact resistance values. If this extrapolation proves valid, once again
the AS/S-glass tow-by-tow configuration appears to be the best configuration eval-
uated in terms of mechanical properties and impact strengths both in terms of
strength retention with increased hybrid fiber (glass) content, temperature, and
resin metrix variation.

5.4 Coefficient of Thermal Expansion

Expansion coefficients were measured for the seven laminates in both the
longitudinal and transverse directions. Temperatures ranged from -73.4°C {~100°F)
to 149°C (300°F) for the three epoxy laminates and from -73.4°C (-100°F) to
315°C (600°F) for the polyimide and polyphenylquinoxaline composites.

As would be expected in the longitudinal direction the thermal expansion
was reflected by the fiber reinforcement. The laminates containing AS graphite
fiber showed a slightly positive expansion coefficient, from zero to less than
41 in./in. x 10-% while the laminates reinforced with HMS graphite had a slightly
negative coefficient of the same order of magnitude.

The transverse thermal expansion coefficients for the seven laminates are
listed in Table XLV. Also listed are the Tg temperatures or inflection points
obtained during the tests., All laminates showed a low temperature inflection in
the =2U4° to -40°C range. This has been found previously in several different
types of epoxy laminates. The upper temperature Tg values reflected the type
of resin matrix with the polyimide and PPQ composites showing inflection points
between 301 and 315°C while the three epoxy laminates were between 557 and 65°¢C.
With one exception the expansion coefficients of the epoxy laminates were nearly
twice those of the polyimide and PPQ composites. The one exception was the
NAS-13IV laminate AS/Kevlar/epoxy with interply construction vhich gave an
expansion value similar to NAS-T6IV AS/S-glass/PI intraply composite. No
reason for this one exception is apparent at the present +time. Duplicate runs
on different specimens gave the same results.
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Table XLV

Transverse Thermal Expansion Coefficient of Hybrid Fiber Composites

Transverse _ a
Composite ; Construction - Therm. Exp. Coeff. a x 10-6 Tg

No. Composition ____Type em/em/°X  {in./in./°F) °c (°F)
HAS-78 IV‘ AS/Kevlar/Epoxy Intraply 124 27 -35.5, 57.2 -32, 135
=13 IV AS/Kevlar/Epoxy . Interply 81.5 17.7 -34.4, 65 -30, 149
-9 IV  HMS/S/Epoxy Interply 143.5 31.2 -43.3, sh.h (-39, 130)
i -76 IV | AS/S/PI Intraply ‘ 80 17.4 b1, 315 (-37, 600)
g? -36 TV HMS/S/PI‘ | Intraply 53 11.5 ~2h, . 301 -22, 572
-6 I‘V} AS/S/PPQ Tnterply 70.5 15.33 - , 302 (-, 576)
—10 v EMS/S/PPQk Interply 65.8 1h.3 -24.b, 301.5 (~22, 575)

Semperature range -73.4°C to 149°C for epoxy and ~73.14° to 315°C for polyimide and PPQ




VI. GENERAL CONCLUSIONS AND RECOMMENDATIONS

1., S-glass is, in general, a better hybrid fiber reinforcement than
Kevlar 49 for mechanical strength/impact property correlations in graphite
reinforced resin matrix composites.

2. Additions of Kevlar 49 to HMS graphite do not provide significant
improvements in impact properties regardless of ply construction.

3. With the intraply composites the tow-by-tow configuration is superior
to the dispersed fiber type in pendulum impact behavior. This is primarily
due to the out-of-plane shear fracture mode of the former configuration.

L, The standard pendulum impact test is shear limited, With thinner
specimens the influence of shear failure on total impact decreases. A definitive
change in fracture mechanism occurs near the 0.508 em (0.200 in.) thickness range.

5. Shear and flexural stress interaction diagrams were constructed which
demonstrate the importance of span-to-depth ratio in the pendulum impact test.
Tt was shown that standard Charpy impact data should not be used for comparing
materials if the intended application is to involve loading at high L/h values.

6. The ballistic impact parameter (E/V) which relates projectile energy
and impact affected volume of the specimen provides improved correlation between
pallistie impact and pendulum impact (thin specimen) data. The scope and value
of the parameter as it relates to composite structure, angle-ply, fiber
composition and specimen thickness requires further study and it is recommended
that such an investigation be carried out.

7. Damage threshold levels as measured in thin Charpy hybrid specimens
were lower than those measured with homogeneous graphite specimens. Thus, it
appears that hybridization did not increase the resistance to initial fracture.
However, total energy absorption or resistance to catastrophic failure was
increased.,

8. The best over-all laminate type in terms of performence was the AS/
S-glass intraply (tow-by-tow) system. In terms of fiber material costs the
composite is 25% less than homogeneous AS while maintaining the same flexural
and shear strengths and flexural modulus with at least a 134% improvement in
impact strength. This fiber combination performs equally well with both epoxy
and polyimide (PMR-15) matrix resins and shows only a 25% decrease in impact
yresistance over a temperature range of -7h,6° to 315°C.
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It is recommended that further investigation of fhe tow-hy-tow AS/S-
glass composition be carried out to determine (1) the level of hybrid fiber
which can be added before a decrease in flexural strength and modulus occurs,
(2) the effect of fiber tow spacing on composite properties, (3) the optimum
impact level vhich can be obtained, and (L) the influence of this fiber type
on the thermal fatigue characteristics of reinforced resin matrix composites.

9, It is also recommended that ballistic impact studies be extended to
inciude diamond shaped specimens and angle projectiles. This work should be
carried out using a minimum of three of the best hybrid fiber combinations
tested in Tasks III and IV of this program.
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VIII., APPENDIX
8.1 Fabrication of Epoxy Matrix Composites

A1l epoxy resin used in the program was Union Carbide ERLA-4617 with Furan
hardener 9245, The fabrication procedure, based on a slightly modified published
procedure (Ref. 13) was as follows:

a. A mixture of ERLA-L61T and Furan hardener 9245, 100/2k wt ratio; ;
was prepolymerized at 85°C (184.5°F) for 2 hrs, cooled, and .
diluted to 50 w/o solids with methyl ethyl ketone (MEK) solvent. ’

b. Prepregs of the graphite, glass and Kevlar 49 IIT were drum wound
by drawing the fiber through the resin solution. FPrepregs not
used immediately were stored at -17.8°C (0°F) in sealed bags.

N
¥

c. Prepregs were "B" staged 45 min at 80°C (176°F), prior to cutting,
in a foreed draft oven. ‘

d. The cut prepreg was layed up in the desired mold, inserted into a
press at room temperature and molded as follows:

. Raise temperature at contact pressure to 93.3°C (200°F) and
hold one hour. The mold may be inserted into a preheated
press at 200°F if cunvenient.

. Increase temperature to 121°C (250°F) at contact pressure and
hold 40-60 min or until gelation occurs.

. Pressure to 6.89 x 10° N/mz (100 psi) at 121°C (250°F for
10-15 min.,

. Increase pressure to 17.2 X 105 N/mz (250 psi) and temperature
to 176.7°C (350°F) and hold 2 hrs.

. Release pressure, transfer hot mold to a 176.7°C (350°F) air
oven and postecure 19 hrs. ' :

. Cool, remove composite and cut into desired test specimens.,
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8,2 Fabrication of PMR-15 Polyimide Matrix Composites

The PMR-15 resin was prepared at 50% solids in methanol as described in
Ref. 9 from the dimethyl ester of 3,3',4,4'-benzophenone tetracarboxylic acid
(BTDE) L,4'-methylenedianiline (MDA) and the monomethyl ester of 5-norbornene-
2,3-dicarboxylic acid. Prepregs were prepared by drum winding as described
above., After winding the wet tape was dried 1 hr with a hot air dryer prior to
removal from the drum. The required plys were cut to fit the mold and the layup
was "B" staged in the mold at 204°C (LOO°F) for three hrs. Stops were inserted
in the mold ends during this time to prevent any pressure on the plys. The mold
was then inserted into a preheated press at 315°C (600°F) under contact pressure
for 10 min. The pressure was then increased to 6.895 x 105 N/m? (1000 psi) and
held for one-half hour. The mold was allowed to cool slowly to 93.3°C (200°F)
before removal from the press.

8.3 Fabrication of Polyphenylquinoxaline, PPQ, Matrix Composites

The PPQ resin was prepared from stoichiometric quantities of 3,3',b4,h'-
tetra-aminobenzophenone (TABP) and 4,4'-oxydibenzil dissolved separately at 30%
solids in N-methylpyrrolidone., After combining the warm solutions, prepregs
were prepared by drum winding as described above for the epoxy system., After
winding the wet tapes were dried 2 hrs with a hot air dryer prior to removal
from the drum. The volatile contents of the tapes prepared ranged from 16 to 2k *
wt percent.

The cut prepreg plys were stacked in the mold and the composites fabricated
~as Tollows:

. Insert mold into 329°C (625°F) preheated press.
. Hold 5 min at contact pressure.

. At 329°C increase pressure to 6.2 x 106 N/m2 (900 psi) over a 5 min
period, "bumping" the press Join times.

. Hold for 1 hr at 6.2 x 10® N/m?2 and 32$°C.

. Raise temperature to 370.7°C (700°F) at the same pressure and hold for
l hro : .

. Cool press to. 204°C (400°F) before removing mold.

. Remove composite from mold and cut into desired specimens.




8.4 Intraply (Tow-by-Tow) Laminates

The UARL tow-by-tow drum winding technique- for producing prepreg to be used
in making the intraply construction did not involve an ironing step to flatten the
wound tows. Conseguently the number of fiber bundles per inch of width was greater
than with the commercially available tow-by-tow construction. The UARL prepreg con-
tained on the average of 6 tows S-glass or Kevlar 49 and 6 tows of graphite per inch
of width. A tow-by-tow prepreg purchased from 3M Co. made of AS graphite and S-
glass contains only three tows each of graphite and glass per two inches of width.
Figure 69 illustrates the difference in tow width of the prepregs. The effect of
the tow width on mechanical properties remains to be determined.

8.5 Testing Procedures
8;5.1 Tlexural and Interlaminar Shear Strengths

Flexural and shear specimens were molded in a 3. 8 cm x 12.7 em (1.5 in.
5 in.) mold except for ore laminate which required a 20.32 cm (8 in.) length.
Initially, flexural tests were carried out at §/D = 32/1 using a 4 point bend test.
However, all specimens failed in a shear mode rather than bending. The shear
failure initiated in the region of the supports. Thus, the resulting flexural
strengths were lower than anticipated. To eliminate shear failure, flexural testing
was changed to S/D = 32/1 three point loading. The resulting flexural strengths
were in the expected range and the failure occurred in the bending mode. In
addition, this type of bendlng test more closely approaches the type of bending
associated with the 3—p01nt Charpy impact test used for determining the impact
strength of the fabricated composites. A crosshead speed of 0.05 in.-min~ ! was
used in all tests.

Interlaminar shear strengths were in the anticipated range (8/D = 4/1) with
the exception of the AS graphite composite NAS-1 which is being retested, and all
composites failed in a shear mode. All flexural and shear tests were carried out
in triplicate.

8.5.,2 Tensile Strength

For longitudinal tensile the specimen configuration shown in Fig. T0 was
used. The small cross sectional width was necessary to maximize the bond length
to cross sectional area ratio for the specimen.

Transverse tensile specimens were 12.8 cm (5 in.) long and 1,28 cm (0.5 in.)
wide with 2.54 em (1.0 in.) gage length. Fiber glass doublers were used for both
types of specimens. ‘
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All tensile testing was carried out using a Tinius-Olsen test machine and K
type grips. Crosshead speed was Q.01 in./min. Specimen aligrnment was provided
by the loading extension rods which have spherical bearing surfaces at the upper
and lower heads of the testing machine. TFor room temperature tests, strains were
measured by strain gages bonded to the front and back of the specimen to eliminste
bending effects or a deflectometer. The data reported for each test includes the
following: elastic modulus, yield strength, ultimate strength, and total strain

to failure., In addition, the complete stress-strain curve for each test is kept
on record. '

8.5.3 Compressive Strengths

The Celanese Corporation designed compression jig which allows the compressive
forces to be induced by shear stresses on bonded tabs in a collet type grip which
does not come in contact with the test specimen which was used for low compression
testing. The special design specimen is shown in Fig. 71. The jig was inserted in
a Tinius-Olsen four screw universal testing machine and the specimen tested at a
constant crosshead speed of 0.05 in./min.

8.5.4 Thermal Expansion

The thermal expansion apparatus consists of a 5/8 in. diameter vertical quartz
tube housed in a Haskins tube furnace 13 in. long. The lower end of the quartz
tube is sealed with a solid quartz rod about 1 in. long. The sample is placed on
the lower rod, and a second rod centered in the tube connector. The sample is a
water cooled linear variable differential transformer (LVDT). The ILVDT reads oub
on the y-axis of a Mosely T03A~X-Y recorder, and temperature of the sample which
is sensed by a chromel-alumel thermocouple reads out on the x-axis. The system
is frequently calibrated against a single crystal MgO standard. Composite speci-
mens were tested over a temperature range of -73.4°C (-100°F) to 315°C (600°F).

8.5.5 Instrumented Pendulum Impact (Charpy)

Impact specimens were fabricated in a 3.8 em x 6.1 cm (1.5 in. x 2.4 in.)
mold. Three test specimens, 5.5 cm x 1 em x 1 cm {2.165 in. x 0.394 in. x 0.39k
in.) were cut from each composite. Testing was carried out at room temperature
using a 370 Joule (264 ft-1b) Charpy impact machine. The striker was insbrumented
with a strain gage to provide a load vs time trace of eaci impact. The thin
Charpy specimens were fabricated in the same mold to provide three specimens per
molding. The thin specimens were tested using a Physmet Corp. Impact Tester, Thé
range of this instrument is 0-33.6 Joules (0-2L4 Fft-1bs). Load-time traces were
also obtained for each thickness range on this instrument. ' ‘
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FIG.

TEST SAMPLE FOR SPECIAL CELANESE CORPORATION COMPRESSION JIG
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8,5.6 Ballistic Impact

A high pressure air carrier was used for firing gelatin spheres, Projectile
velocity just prior to impact was determined by using a trip-wire system to measure
the time for the projectile tc cover a fixed distance of 45.6 cm (18 in.). The
General Radio Model 1192 timer is accurate to within 3 microseconds and is traceable
to the U.S. Bureau of Standards. The approximate projectile velocities were selected
by varying tank pressures to the alr gun according to a predetermined calibration
curve. The projectile gun was capable of firing 1.27 cm (0.5 in.) diameter pro-
jectiles with a reproducible velocity range from 30.4% m/sec (100 fps) to over 273.6
m/sec (900 fps).

The ballistic impact specimen was a rectangular parallelepiped 22.86 cm (9 in.)
long, 5.08 cm (2 in.) wide and approximately 0.254 em (G.100 in.) thick. All speci-
mens were cantilevered and impacted normal to the specimen surface at the center of
the sample. The center point was located 11.3 cm (4.5 in.) from the supported end
of the specimen at mid width.

Cantilevering was accomplished using a pair of compliant fiber glass doublers
5,08 cm (2 in.) wide and 3.81 cm (1.5 in.) long. The doublers were held in place
against the specimen with a vise. The specimen with doublers was inserted 2.5% em
(1 in.) into the vise. The 1.27 cm (0.5 in.) length of the doublers which extended
beyond the vise was uniformly tapered in thickness to minimize the possibility of
specimen breakage at the gripped end.

Gelatin, the projectiles used to simulate birds were fabricated from a solution
of gelatin and water, The use of this material has been shown to be & most satis-
factory substitute for birds in impact tests of jet engine components.

Advantages of using this material are: ease of fabrication to any shape and
mass, repeatability, sufficient tcughness to withstand acceleration to velocities
approaching the speed of sound, and damage 1o ﬁurboget structures smmzlar to that
caused by actual bird carcusses.

Acid-processed pigskin gelatin is dissolved in hot tap water to make a 20%
solution by weight. After standing to allow bubbles to surface, it is poured into
any suiteble mold and allowed to set. There is virtually no volunme change when
cold. The density is approximately 1.02 g/cc.

Modulus retention measurements were conducted in conjunction with the impact
tests in order to measure the amount of damage which occurred.
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Cantilever bending and shear moduli of the test specimens were measured befcre
| and after the impact test using dead weight loading. Care was taken o insure that
i the specimens were clamped in the same manner as in the impact test.

8.6 Materials

The materials used during the program were obtained from the following vendors:

-
{

Resins and Intermediates

Methylenedianiline (MDA)

Tetracarboxylic Benzophenone
Dianhydride

Nadic anhydride

3,3", 4,k -tetraamino-
benzophenone

p,'-oxybis (benzil)
ERLA-U6IT epoxy
Furan 9245 hardener
Fibers

AS and HMS graphite
Keviar 49 IIT

" B-glass (20 end)

8-glass (12 end)
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Bource

Aldrich Chem. Co,

Fastman

Eastman

Burdick & Jackson
Whittaker R&D
Union Carbide Corp.

Faran Inc.

Hercules Inec.
DuPont
¥erro Inc.

Owens-Corning
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