AD-A264 497 - DTIC

TR Sﬁﬁﬂéil

ARMY RESEARCH LABORATORY

Strain Concentration Assessment of
Laminates Subjected to
Low Velocity Impact

Robert F. Anastasi and
Steven M. Serabian

ARL-TR-91 April 1993

o | 93-11100
88 - 18 064 W

Approved for public release; distribution unlimited.




" The findings in this report are not to be construed as an official Department
of the Army pasition uniess so designated by other authorized documents.

Chiation of manufacturer’'s or trade names does not constitute an official
endorsement or approval of the use thereaf.

Destroy this report wnen it is no lenger needed. Do not return it to the
originator.




REPORT DOCUMENTATION PAGE

Form Approved
CMB No 2704.0188

? DUC  SOOITAG DUMTON *OF THE CIUSCION OF (VOTREBON 4 20t aad
;AUNANAG MNA TAMRNNG (NG CAA PESTRG W) COMOMUNG GNG Fov
I3UECLAN o MOOTRVIN NTIUOING MaEDONS 10 7
Z3ng ~grway a8 1204 Amingron LA 2220

' AGENCY USE CNLY Ladve 0w

1 ALPORT DATE

April 1993 {

10 AVErage | "o DN ‘e oONes NERABNG 18 TB OF ( SNPANG CSTUCTIONS SN TV SAL :

» NG IHE st ws
WG TG CONECO0N OF WO IO IO COMYRErTl FSGAIDNG THE Do 00N waDIAIS Y WYY RT 4 ARGECY T g
O TOAQNG T8 OB D W ASIVGION HBM0OUANINS 5 erviCes D SOIOr Bt 0N YOI ASON C 0N AU AN Pecnry
34302 _ana 10 1 OTACE Of MANAge™ent Ana Buadel S a0mrwory ReauCOON S oxert 574G ' 581 ~aannpon C

TETS Letwreon
R3]

. e

3 MEPOAY TYPY AN CalE - LRI,
“inal Repor,

4. TR AND SUBTITLR

Strain Concentration Assessment of Laminates
Subjected To Low Velocity Impact

€. AUTHOR(S}

Robert F. Anastasi and Steven M. Serabian%

£ FUMDBG MUBBLHS !

T PERFOAMING QRGANIZATION NAME(S) AND ADORESS(EY)

U.S. Army Research Laboratory
Watertown, MA  02172-0001
ATTN: AMSRL-Vs-V

3. PERFQAWMING CRGANRDTATICH
REPOAT MuMBEA

ARL-TR-91

?. SPONSORINGMOMTORING AGENCY MAME(S) AND ADDRESS(ES)
U.S5. Army Research Laboratory
2800 Powder Mill Road

Adelphi, MD 20783-1145

18. SPONSCORINGMONITCRAING
AGENCY AEPOAT MUMBER

1. SUPPLEMENTAARY NOTES

*Presently at ICAD, 201 Broadway Street, Cambridge, MA O

2139-1901.

128 OISTRIBUTIOMAVAILASIITY STATEMENT

Approved for public refease; distribution uniimited.

28, IS TRUBU TON CO0L

13 ASSTRACT  Maormum 200 woros)

Low vclocity impact wpon composite laminates can lead to
nonapparent damage zones that result in structural strain conc

rity of the composite component.  In this paper, glass/epoxy

tensile {oad.
strain concentration, and laminate oricntation.

both apparent and
cntrations.  The

strain concentrations can be, or grow Lo be, larger than permissible design level:
through static or cyclic loading conditions thus drastically reducing the structural integ-

MPOsite coupons in

three laminate orientations were damaged by low velocity impact that create a
damage zone consisting of local fiber breakage and delamination.
moire was then uscd o measure strain concentration as a lunction ol apphcd
Corrclations were made between impact energy, delamination arca.

Conventional

16 SUBJECT TERME

Composite materials, Low velocity impact, Moire analysis,
Strain analysis

(5. NUMBER OF PACES

19

18, PACE CODE

17 SEQUAITY CLABSIFICA NON
QF AEPOAT

Unclassified

6. SECURITY CLASSIMCATION
F Nag PAQE

Unclassified

10 SRCURTY CLASSINC A TWOM
OF ABSTRACT

Unclassified

20 LMMTATION OF ASSTRACT

Ul

TGN TS0t 1809500

Sianowrd Farrn 198 Sev (8
O oy vy AN S8 T3-S
e 3L:- ]




Contents
Introduction . .. .. ...
Experimental Measurements . . . . ... Lo L oL
Specimen Description . . . ... .. ... ... L oL
Experimental Approach/Results . . . . .. .. ... . . L.
Conclusions . . . .. ... L
References . . ... ... L
Tables
1. Lamina mechanical propertics. . ... ... .. ... ... ... .. ...
2. Effective in-plane laminate mechanical properties. ... ... . ..
3. Experimental parameters and resulting front surlace
delamination area. . .. ... ... .. ... ..
4. Experimental values of strain concentration. .. .. ... ... .
Figures
1. S-Glass streamline tensile coupon with a length of 6.0"
and neck scction width of 025" ... ... . ... ... .. ...
2. SO-caliber gas gun.. . . .. ... L L
3. Target chamber area containing a laser velocimeter and
Cranz-Schardine camera. . . ... ... .. ... ... L.
4. Typical Cranz-Schardine [rame showing: (1) spherical
impactor traveling left to right; (2) clamped composite
coupon; and (3) reference object tor distance measurements. . . .
5. Typical Cranz-Schardine sequence: ﬁ“) before impact;
(b) impact; (c¢) coupon responsc: and (d) ball impactor rebound.
6. Front surface delamination arca as a function ol input cnergy
for [(0/90)4]s laminatc: (a) input cnergy - 1.541 ft-Ibf and
delamination arca - 0.152 sq. tn.: (b) input cnergy - 3.010 [t-Ibf
and delamination arca - 0.411 sq. in.: and (¢) input cnergy -
3.396 ft-Ibt and dclamination arca - L628 sq. in.. . . . . ... ...
7. Front surface delamination arca as a function of input cnergy

for [(+45/-45)s)s laminate:  (a) input cnergy - 1.248 ft-Ibl and

delamination arca - 0.152 sq. in.; (b) inputl cnergy - 3.535 (t-Ibl

and delamination arca - 0.295 sq. in.; and (¢) inpul energy -

3.634 ft-Ibf and delamination arca - 0.541 sq. ino. .. 0L L

'

.......... 4




10.

11.

12.

14.

15.

16.

17.

18.

19.

Front surface delamination arca as a function of input ¢ncrgy for
[(0/+45/-45/90)2]s laminate:  (a) input cnergy - 1.651 ft-1bt und
delamination area - 0.396 sq. in.; (b) inpul cnergy - 3.885 {i-Ibf
and delamination area - 0.528 sq. in.; and (¢) input cnergy -

4.720 ft-bt and delamination arca - 1215 sq. ino. ..o o oL

Front surface delamination arca as a lunction ol laminate
orientation: (a) input energy - 3.0i0 {t-Ibt: (b) input cnergy -
3.535 ft-lbf; and (¢) input cnergy - 3.885 ft-Ibt. .. .. ...

Optical processing arrangement: (a) optical rail showing
recording camera at far end of rml, 1000-linc-per-inch
reference grating, and transform lenses and liltering
apertures; and (b) cnlarged view of transform lenses and

filtering apertures. . . . .. L

Schematic of optical processing arrangement: [P = image
glane: FL = ficld lens: L = lascr; MG = moirc grating:
F = spatial tilter: SP = spectrum planc; and TL =

transform lens. . . . . . . . .

Displacement contours tor {(0/90)4]s laminatec and impact
energy of 3.010 {t-Ibf at: SZI) 40% ulumate load fevel: and

(b) 60% ultimate load level. © . 00000 oo

. Displacement contours for [(0/90)4]s laminate and impact

energy of 3.010 ft-Ibl at: (a) 507 ultimate joad level: (b)

60% ultimate load level: and (¢) 709 ultimate load level .. . ..

Displacement contours {or [(0/90)4]s laminate and impact
energy of 3.396 fi-Ibl at:  (a) 50 ultimate load level; (b)

60% ultimate load level: and (¢) 70% ultimate load level. ... ..

Displacement contours for [(+45/-45)4]s laminate and impact
energy of 1.248 ft-Ibf at: (a) 50% ultimate load tevel: and

(b) 60% ultimatc load level. . ... o oo

Displacement contours lor [(+45/-45)4]s laminate and impact
cncrgy of 3.535 ft-Ibl at: %u) 50% ultimate load levelr and
D

(b)

Displaccment contours tor [(0/+45/-4590)2s laminate and
impact encrgy ol 1.651 [1-Ibl at: (a) 0% ultimate lead Jevel

(b) 60% ultimate load level: and (¢y 709% uitimate load level . .

Displacement contours {or [(0/+45/-45/902]¢ laminate and
impact cnergy of 3.885 ft-Ibf at:  (a) 40% uitimate load level:

(b) 60% ultimate load level: and (¢) 0% ultimate load level. . ..

Displacement contours of [(0/+45/-45/90)2]s laminate and impact
energy of 4.720 ft-lof at: (a) 40% ulumate load level: (by o0¢%

uitimate load level: and (¢) 70% ultimate load level . ... ... ..

0% ulumate load level. .o o0 o

Y




Introduction

Increased performance requircments of both cxisting and luture military hardwarg
has necessitated increasing structural applications of composite matcerials.  The attrac-
tiveness of these material systems is being compromised by their inherent damage sus-
ceptibility to low energy impact where the impactor does not penetrate the maerial
but causes delamination through the thickness, as well as local fiber breakage. This
damage causes structural degradation or reduced load carrying ability thus com-
promising structural integrity. A lack of knowledge bridging the gap between damage
detection and structural integrity assessment has lead to highly coascrvative and costly
repair procedures. as well as decreased "perceived” litetimes for specitic composite
components. A correfation between low velocity impact parameters and resulting
structural integrity in composite laminates iy thus of prime importance.

In this paper, low velocity mmpact paramcters ol energy and visible damage zonc
size are correlated with resulting damage zone strain concentration {actors.  Conven-
tional moire [1.2.3.4], tull-field photomechanical displacement measurement technique.
was used to obtain thesc strain concentration factors.

Experimental Measurements
Specimen Description

Impact test coupons. 1.5" x 7.0" were cut from the central scctions of 37 x ¥
{aminated plates with a typical thickness of 0.125" that were manufactured from
3M™ SP 250-S2 glass liber/epoxy system. Three {aminate oricntations were manutac:
tured [(0/90)4]s, [(+45/-45)a)s. and {(O/+45/-45/90)>]s. Ulimate tensile loads ol the
three laminates were obtained through the use of a streamline (SL-3) tension speci-
men design [5], as shown in Figurc 1. The baseline ultimate tensile strengths for the
corresponding orientations were 2250 1b, 600 b, and 1900 tb for [(0/90)]. [(+45 -
15)4ls, and [(0/+45/-45/90),|s oricntations, respectively.
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Figure 1. S-Glass streamiine tensile coupon with a length of 6.0" and neck section
width of 0.25".
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Mechanical propertics ol the SP 250-S2 glass fiber/cpoxy system obtained [rom
manufacturer spccification sheets are given in Table 1

Tabie 1. {amina mechanical propenies

Ey = 70E + 006 psi
Ex = 21E + 006 psi
Giz = 0.8E + 006 psi
viz = 026

These values were used to find the cllective two-dimensional Jaminate mechanical
properties for the [(0/90))s, [(+45/-45)4)s. and [(0/+45/-45/90)3]s laminate orientations
using the classical laminate plate thcory [6.7]. Resulls are given in Table 2.

Table 2. Effective in-plane laminate mechanical properties

Laminate ) o) o o
[(0/90)4]s 4.64E + 006 4.64E + 006 0.8E + 006 0.12
[(+45/-45)4]s 1.70E + 006 1.70E + 006 1.02E + 006 0.53
[(0/+45/-45/90)2]s 1.34E + 006 1.34E + 006 0.47E + 006 0.29

These eftective laminate mechanical values, along with the ultimate tensile
strength values of the tensile tested SL-3 specimens, were used to calenlate ulumate
strength values for the impact test coupons. The impact test coupon ultimate
strength values arc 13,478 1b, 3594 Ib, and 113818 Ib for the [(0/90)]s. [{(+45-45)4]..
and [(0/4+45/-45/90);]s laminate oricntations, respectively.

Experimental Approach/Resulits

The experiment progressed in four stages: (1) impacting the coupons and mcasur-
ing impact paramcters, (2) mcasuring coupon damage arcas, (3) applving moirc. and
(4) obtaining strain concentrations tactors from displaccment {ringe contours,

The coupons were subjected to low velocity impact through the use of a 50-
caliber light gas gun as is shown in Figure 2. The gas gun was fitted with a plastic
sabot that carried a spherical impactor, a steel ball bearing with a dmmuu of 0.281
inch, a weight ot 1.48 grams (0.00326 Ib). and a mass of 0.00101 (b su' Tt. The
target chamber arca (see Figurce 3) contained a laser velocimeter and Crang-Schardine
camera to record impact ¢events.  The camera records 20 frames on a 47 x 57 film
with frame intcrvals of 100 microscconds. A typical Cranz-Schardine frame. as shown
in Figurc 4, shows the spherical impactor traveling left to right, clamped composite
coupon, and reference object used for distance mceasurcments. A typical frame
scquence, as shown in Figure 5. shows the coupon and ball impactor belore impact,
during impact, coupon response, and ball impactor rchound.  Impact velocities were
grouped into three ranges:  low, medium. and high (=200 fi/sce. ~ 275 fisee. and
~350 ft/sec, respectively) with variations in velocity due to the fit of the plastic sabot
in the 50-caliber light gas gun and gas pressurce.




Figure 2. 50-caiiber gas gun.

Figure 3. Target chamber area containing a laser velocimeter and
Cranz-Schardine camera.
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Figure 4. Typical Cranz-Schardine frame showing: (1} spherical impactor

travefing left to right; (2) clamped composite coupon; and (3) reference object
for distance measurements.
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(a) Ball Impact (b) tmpact
(c) Coupon Response (d) Ball Impactor Rebound

Figure 5. Typical Cranz-Schardine sequence: (a) before impact; (b) impact; (C) coupon response, and
(d) ball impactor rebound.




Resulting impact damage created front and rear surtace delaminations and local
fiber breakage at the point ol impact.  Front surface delamination s shown in
Figures 6 through 3 for [(0/90) ], [( +45/-45)4), and [(0/+45-34590) 5] lamnate oren-
tations, respectively. Back or rear surface delamination was not photographed or char.
acterized: however. the delamination arca was greater in extent in cach case. Figure
9 shows the front surface delamination area as a tunction of faminate onentation at
the medium velocity range. Delamination patterns can be seen that correspond to
laminate ornentations. The delamination arcas ot the tront surface are given in Table

-

3. along with impact velocities and calculated input energy,

Table 3. Experimental parameters and resulting front surface delamination area

Laminate Velocity * Input eneryy DQ:amna:" area

(/sec) {ft-Ib) (square inches;

[(0/90)4]s 206 L 541 0152
286 M 3010 0an
333 H 3396 0628
[{+45/-45)4]s 199 L 1248 0182
261 M 3535 (0295
380 H 3634 0547
{(0/+45/-45/90)2]s 21 L 1.651 0 396
276 M 3.885 0528
333H 4705 1214

NOTE: * Velocities are grouped into three ranges: L = low. M = medium, and H = high

(a) (b) ()

Figure 6. Front surface delamination area as a function of input energy for {(0/90)a}s laminate: (a) input energy -
1.541 f1-lbf and delamination area - 0.152 sq. in; (b) input energy - 3.010 f-ibf and delamination area - 0 411 sq in
and (c) input energy -.3.396 R-Ibf and delamination area - 0.628 sq. in.
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(a) (b) ()

Figure 7. Front surface delamination area as a function of input energy for {(+45/-45)ajs larminate  (a) nput energy
1.248 ft-1bf and delamination area - 0.152 sq. in., (b} input energy - 3.535 ft-ibf and detamination area - 0 295 sa n
and (c) input energy - 3.634 ft-ibf and delamination area - 0.541 sq. in.

(a) (b) (<)

Figure 8. Front surface delamination area as a function of input energy for [(0/ +45/-45/90);]5 larminate  (a) nput en-
ergy - 1.651 ft-ibf and delamination area - 0.396 sq. in., {b) input energy - 3 885 ft-1bt and delamination area 0 528
5q. in.»and (c) input energy - 4 720 ft-ibf and delamination area - 1 215 sq. in




(@ [(6/90),], (b) [(+45/-45),), (C) [ +45/-45/90)-].

Figure 9 Front surface delamination area as a function of laminate onentation (a) input energy - 3610 /-t 1)
nput energy - 3.535 ft-ibf: and (c) input energy - 3.885 fi-ibt

Impact damage coupons were prepared {or motre by coaung the coupon surtaces
with a thin layer of epoxy to smooth the surface, applving a thin coat ol white puint
and finally applying a 300-dot-per-inch moire ilm ¢mulsion crating. These coupons
were photographed during tensile loading in steps of 109 ulumate Lature foad deter
mined from the streamline coupons and ctlective laminate properties given previoush
in Table 2. and. subsequently, optically processed [8]. The processing aflowed u and
v tront surtace displacement contours to be obtained independently and displacement
sensitivity to he multiplied by a lactor of two to obtain a resolution of 0.001 inch dis-
placcment per fringe.  This optical processing arrangement is shown in Figure 100 and
schematically in Figure 11. The arrangement consists ol a helium ncon laser. trans-
form lenses and fourier filtering apertures, and 1000-lines-per-inch reterence gratime
and recording camera.  Resulting v-displacement moire tringe patterns or displacement
contours for the three laminate orientations at various load levels are shown an
Figures 12 to 19. The fringes run horizontally with a higher concentration 1 the
damage arca. The u-displacement contours not shown had only two or three fringes
running in the vertical direction. This fringe density was not adequate for straim
cvaluation.

The displacement contours at the various load levels were examined visually in
the optical processing system. Not all were photographed because at the tower load
levels fringe patterns did not change. and wt higher load levels coupons shpped in the
loading grips or the moire grating was damaged in the loading process.




(a)

()

N A, '
| . h -

Figura 10 Optical processing arrangement: (8) optical rail showing recording
camera at far end of rail, 1000-iina-peranch referance grating, and transtorm lenses
and fitenng aperures; and (b) eniarged view of ranstorm lenses and tiltering apertures

Figure 11 Schematic of optical processing arrangement: IP = image plane, FL = field lens; L = laser
MG = morre grating, SF = spatial filter; SP = spectrum plane. and TL = transtorm lens




(@) 40% (b) 60%

Figure 12. Displacement contours for {(0/90)4]s laminate and impact energy
of 3.010 ft-ibf at: (a) 40% ultimate ioad level, and (b) 60% ultimate load level.

(a) 50% (b) 60% (c) 70%

Figure 13. Displacement contours tor ((0/90)4]s laminate and impact energy of 3.010 ft-bt at: (3) 50% ultimate load
level; (b) 60% ultimate load level; and (c) 70% ultimate load level.




(a) 30% (b) 40%

Figure 14. Displacement contours for [(0/90)4])s laminate and impact energy of 3.396 ft-1bf at.
(a) 30 ultimate ioad leval; and (b) 40% ultimate load level.

(a) 50% (b) 60%

Figure 15. Displacement contours for [(+45/-45)4]s laminate and impact energy of 1.248 fi-ibf at.
(a) 50% uitimate load level; and (b) 60% ultimate load level.
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(a) 50% (b) 60%

Figure 16. Displacement contours for {{+45/-45)4]s laminate and impact enecgy of 3.535 &t-lof at:
(&) 50% uitimate load level; and (b) 60% uitimate load level.

s Lt o A RN

(a) 40% (b) 60% () 7M0%

Figure 17. Displacemant contours for {(0/+45/-45/90)2}s laminate and impact energy of 1.651 ft-Iof at: (a) 40%
uitimate load level; (b) 60% uitimate ioad level; and (c) 70% ultimate load level.
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(a) 40% (by 60% (c) 80%
Figure 18. Displacement contours for [(0/+45/-45/903]s laminate and impact energy of 3.885 #-lbf at: (a) 40%
ultimate load level; (b} 60% uitimate ioad level: and {c) 80% ultimate load level.
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(a) 40% (b) 60% (c) 70%

Figure 19. Displacement contours of [(0/+45/-45/90)x]s laminate and impact energy of 4.720 ft-ibf at: (a) 40%
ultimate load level; (b} 60% ultimate ioad level; and {(c) 70% ultimate load levei.
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Strains in the y-direction, e = dvidy, were obtained graphicaily by numbcering the
fringes, plotting fringe number versus fringe location, and then taking the slope ol
the plot at the point of highest concentration.  Far ficld strains were caleulated using
Hooke's law, y-direction elfective modulus from Table 2. coupon cross-sectional arca
and the load at which the displacement contours were recorded. Strain
concentrations were obtained by dividing strain at the damage focation by the far
ficid strain. Results arc shown in Tablic 4.

Table 4. Experimentai values of strain concentration

Laminate " Velocity Strain Concentration at % Ukimaxevaoad

30 40 50 60 70 B 80

[(0/90)a}s L - 1.0 - 1.0 - .

- - 1.1 141 155 .

H 1.89 246 * * . .

[(+45/-45)a)s L - - 2.00 207 * *

- -- 1.73 2.10 * .

H N " * . . N

[(0/+45/-45/90y2)s L - 1.0 - 10 10 .
M - 1.0 - 10 . 10

H - 1.0 - 1.59 1.69 .
NOTE: -- Denotes no measurements were made; * Denaotes coupon slipped in grips or grating faled

Conclusions

This paper demonstrates that moire techniques can be used to obtain strain con-
centration factors of low velocity impact damaged glass/epoxy composite matcrial.
The displacement sensitivity, however, was a limiting tactor that did not allow tor
strain concentration asscssment of the coupons damaged at the lower impact cnergios,
nor is interlamina decoupling noticcable at delamination boundaries in the {ringe
contours. Even with this limiting factor, some obscrvations are possibie.  Dclamina-
tion area as a function of velocity or input cnergy increases as expected and exhibit
delamination patierns corresponding to the laminate oricntations.  The J(0 +45
-45/90);]s laminate cxhibited the largest delamination arcas but did not have the
largest strain concentration lactor {or similar input cencrgies.  This shows that the
[(0/+45/-45/90),] laminate transferred the impact cnergy into creating farger delamina-
tion arcas and less local fiber damage: thus, this laminate is more structuraily
resilient in tension to damage from low velocity impacts.
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