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Low velocity impact upon composite laminates can lead to both apparent and
nonapparent damage zones that result in structural strain concentrations. The
strain concentrations can be, or grow to he, larger than permissible design lec%,'-
through static or cyclic loading conditions thus drastically reducing the structural intec~-
rity of the composite component. In this paper, glass/epoxy composite coupons in
three laminate orientations were damaged by low velocity impact that create at

* damage zone consisting of' local fiber breakage and delamination. Conventional
moire wa:, then used to measure strain concentration as at function of applied
tensile load. Correlations were made between impact energy, delamination area.

* strain concentration, and laminate orientation.
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Introduction

Increased performance requirements of both existing and future military hardw.%;jrc
has necessitated increasing structural applications of composite materials. The ,tltric-
tiveness of these material systems is being compromised by their inherent darmage ius-
ceptibility to low cnergy impact where the impactor does not penetrate the matcrial
but causes delamination through the thickness, as well as local fiber hreakagoe This
damage causes structural degradation or reduced load carrying ability thus Corn-
promising structural integrity. A lack of knbwledge bridging the gap between damtage
detection and structural integrity assessment has lead to highly conservative and costlv
repair procedures, as well as decreased "perceived" liletimes for specific composilc
components. A correlation between low velocity impact parameters and resultingy
structural integrity in composite laminates is thus of prime importance.

In this paper, low velocity impact parameters of energy and visible damaLgC Zonc
size are correlated with resulting damage zone strain concentration factors. Convcn-
tional moire [1,2,3.41, full-field photomechanical displacement measurement techniquc,
was used to obtain these strain concentration factors.

Experimental Measurements

Specimen Description

Impact test coupons. 1.5" x 7.0" were cut from the central sections of" 3' x V
laminated plates with a typical thickness (1 0,125" that were mnanufacturcd •rom I
3M" SP 250-S2 glass fiber/epoxy system. Three laminate orientations were manuwac-
tured [(0/ 90 )41s, ((+45/-45),4js, and 1(0/+45/-45/9())21,. Ultimate tensile loads of the
three laminates were obtained through the use of a streamline (SL-3) tension pCeCi-
men design [51, as shown in Figure 1. The baseline ultimate tensile strengths IOr the
corresponding orientations were 225(0 lb, 600 lb, and 1900 lb for j(0 /9O).tIs, I(+45-
t5), s, and f(0/+45/-45/90)21s orientations, respectively.

W21IC TA;1i

J¶Ntil t(',1I

By .. . ...
Figure 1. S-Glass streamline tensile coupon with a length of 6.0* and neck section DistibLAtiOCF I
width of 0.25".
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Mechanical properties of the SP 250-S2 glass Iibcr/cpoxy system obtained from

manufacturer specification sheets are given in Table 1.

Table 1. Lamina mechanical properties

E, = 7OE + 006 psi

E2 = 2.1E +006psi

.G12 = 0.8E + 006 psi

V12 = 0.26

These values were used to find the effective two-dimensional laminate mechanical
properties for the 1(0 /)9 ))41.s, [(+45/-45)41s, and I(0/+45/-45i90)2.1s laminate orientations
using the classical laminate plate theory 16,71. Results arc given in Table 2.

Table 2. Effective in-plane laminate mechanical properties

Laminate E'x E'y G'
(psi) (psi) (psi)

[(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 + 006 053

[(0+45/-45/90)2]s 1.34E + 006 1.34E + 006 0,47E + 006 0.29

These effective laminate mechanical values, along with the ultimate tensile
strength values of the tensile tested SL-3 specimens, were used to calculate ultimatc
strength values for the impact test coupons. The impact test coupon ultimate
strength values are 13,478 lb, 3594 lb. and 113,818 lb for the 1(0/ 90)41,. j(+45,-45)4._.,
and [(0/+ 4 5/-4 5 /90 )21s laminate orientations, respectively.

Experimental Approach/Results

The experiment progressed in four stages: (I) impacting the coupons and measur-
ing impact parameters, (2) measuring coupon damage areas. (3) applying moire. :ind
(4) obtaining strain concentrations factors from displacement fringe 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 hearing with a diameter of 0.2SI
inch, a weight of 1.48 grams (0.00326 Ib), and a mass of 0.00101 lb sec-:Tt. The
target chamber area (see Figure 3) contair.ed a laser vclocimctcr and Cranz-Schardine
camera to record impact events. The camera records 20 frames on a 4" x 5" film
with frame intervals of 100 microseconds. A typical Cranz-Schardinc frame, as shown
in Figure 4, shows the spherical impactor traveling lelt to right, clamped compositc
coupon, and reference object used for distance measurements. A typical framc
sequence, as shown in Figure 5, shows the coupon and ball impactor before impact.
during impact, coupon response, and ball impactor rebound. Impact vcl)citics werc
grouped into three ranges: low, medium, and high (- 200 ft/scc. -275 ltscc, and
-350 ft/sec, respectively) with variations in velocity due to the fit of the plastic s:ibot
in the 50-caliber light gas gun and gas pressure.



SZ

Figure 2. 50-caliber 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
traveling left to right; (2) clamped composite coupon-, and (3) reference object
Ifor distance measurements.

'40

144

I4

(a) Ball Impact (b) Impact

...............

(c) Coupon Response (d) Ball Impactor Rebound

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

4



Resulting impact damage created front and rear surface delaiminaitions tnd jocil
fiber breakage at the point of impact. Front surface delamimnat ion Is sho n
Figures 6 through S for [(()/()() 41, j( +45/-45)4j, and 1()+54~f)+ laminatc )irtcn-
tations, respectively, Back or rear :;urface delamination wats not photoLgraphed ýtchair
acterized. however, the delamination area was greater in extent in each case. Fig~ure
9 shows the front surface delamination area as at function ot' laminate orientation ait
the medium velocity range. Delamination patterns can he seen that correspond to
laminate orientations, The delamination areas of the front surfaice kre given in Tablec

3.along with impact velocities and calculated input energy.

Table 3. Experimental parameters and resulting front surface aelamination area

Laminate velocity* input eneryjy Delamnia,:c:z irci
(fvsec) (ft-lb) (5quare ncnesl

1(0/90)44s 206 L 1 541 0 152
286 M 3010 041'

333 H 3396 0628

[(+45/-45)4]s 199 L 1 248 0 '52
261 M 3535 0295
380 H 3634 0541,

E(O/+45/-45/90)2]S 221 L 1.651 0 396
276 M 3885 0528
333 H 4705 1214

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

(a) b)(C)

Figure 6. Front surface delamination area as a funct ion of input energy for [(0/90)4]s laminate (a) input energy -
1.541 ft-lbf and delamination area - 0. 152 sq. in-., (b) input energy - 3.010 ft-lbf ard delamination area -0411 sq in
and (c) input energy -.3.396 ft-lbf and delamination area - 0.628 sq in.
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(a) ()(C)

Figure?7 Front surface dellamination area as a function of input energy for [(+4 5/-45)4i, laminate (A) input en~ergy1
1.248 ft-tb? and dlelamnination area -0O 152 sq. in., (b) input energy -3.535 ft-lbf and dlelamination area -0295 so in
and (c) input energy - 3.6:34 tt-lbf and delamnination area - 0.541 sq. in.

(a) (I)(C)

Figure 8, Front surface delamination area as a function of input energy tor i(0/+45/-45/'90)2k~ laminate la) input en-
ergy - 1.651 ft-lbf and delamination area - 0.396 sq. in., (b) input energy - 3 885 tt-lbt and delamination atea 0 .528
sq. in. ,. and (c) input energy - 4 720 ft-ibf and delaminnton area - 1 215 sq in

61



(a) [(0/90)41, (b) [(+45/S-45*),4, (ci1)i V+45/-45i9())jL

Figure 9. Front surface delamination area as a function of laminate orientation (a) input energy - 3 010 1I-of t~t
!nput energy - 3.535 ftl-bf: and (c) input energy -3.885 fi-lbt

Impact damage coupons were prepared ['r moire byv coatinig (thc co)upon) s uifWaeS
with a thin layer of epoxy to smooth the surface, applying at thin coat of' v hite pInt11
and finally applying at 5U0-dot-per-inch moire (jim emulsion 'ramnty, rhese', CouLPon's
were photographed during tensile loading in steps of 10%'c ultimate f'ailure loaZd tc-
mined from the streamline coupons and effective laminate properties givcn pciuJ
in Table 2. and, subsequently. optically processed 181. The processing allowed LI Jind
v front surface displacement contours to bc obtained independently and displacemntcn
sensitivity to he multiplied by at factor of two to obtain a rcSolu L1ion of 0.04) Inch dri-
placement per fringe. This optical processingz arranitement is shown in Fig~ure 10. minid
schemnatically in Figure 11. The arrangzement consists o~f a helium neon laser. Irans-
form lenses and Courier filtering apertures, and I 040-lines-peir-inch refeencracinr.
and recording camera. Resulting v-displacement. moire fringec patterns o~r displacementil
contours for the three laminate orientat ions at various load levels arc slhoýNii In
Figures 12 to 19. The fringes run horizontally with at higther concentration In the
damage area. The u-displaccmient contours not shown had only (%%o or three trin-ces
running in the vertical direction. This fringe density Wat% not adequate for Strain11
cv a iuat ion.

The displacement contours at the various load levels were examined visualtly iin
the optical processing system. Not All were photographed because at the lower load
levels fringe patterns did not changze. and at higher load levels coupons slipped In the.
loading grips or the moire gratting was damaged in thle loading process.



(a)

Figure 10 Optical processing arrangement: (a) optical rail showing recording
camera at far end of rail, 1 000-line-per-incri reference grating, anid transform lenses
and filtering apertures: and (b) enlarged view of transform lenses and filtering apertures

S s 
TI

Figure 11 Schematic of optical processing arrangement: IP = image planeý FL field lens, L =laser

MG =moire grating, SF = spatial filler: SP = spectrum plane and TL = transform tens



---"

(a) 40% (b) 60%

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

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

Figure 13. Displacement contours for [(0190)4]s laminate and impact energy of 3.010 ft-lf at: (a) 50% ultimate load
level: (b) 60% ultimate load level: and (c) 70% ultimate load level

• ' , , l i I I I I I II i (3



(a) 30 % (b) 40%

Figure 14. Displacement contours for [(0190)41s laminate and impact energy of 3.396 ft-lbf at:
(a) 30 ultimate load level; 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 ft-lbf at.
(a) 50% ultimate load level; and (b) 60% ultimate load level.

Il0



(a) 50% (b) 60%

Figure 16. Displacement contours for [(+4 5
/-

4 5
)4]s laminate and impact energy of 3.535 ft-ibf at:

(a) 50% ultimate load level; and (b) 60% ultimate load level.

-b-

(a) 40% (b) 60% (c) 70%

Figure 17, Displacement contours for [(O/+ 4 5/-4 5/90 )2]s laminate and impact energy of 1,651 ft-lbt at (a) 40%0
ultimate load level; (b) 60% ultimate load level: and (c) 70% ultimate load level.
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(a) 40% (b) 60% (C) 80 %

Figure 18. Displacement contours for [(0OI45-455190 2]s laminate and impact energy of 3.885 lt-lbf at: (a) 400%
ultimate load level; (b) 60

0/a ultimate load level and (c) 80% ultimate load level.

(a) 40% (b) 60% (c) 70%

Figure 19. Displacement contours of [(OI+45l-45/90)21s laminate and impact energy of 4 720 ft-lbf at: (a) 40%
ultimate load level; (b) 60% ultimate load level;, and (c) 70% ultimate load level.
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Strains in the y-direction, e. = av/Oy, were obtained graphicailv by numhcring 11hC
fringes, plotting fringe number versus fringe location, and then taking the slope t,1
the plot at the point of highest concentration. Far field strains were calculated usine
Hooke's law, y-direction effective modulus from Table 2, coupon cross-sectional arcal.
and the load at which the displacement contours were recorded. Straiin
concentrations were obtained by dividing strain at the damage location by the far

field strain. Results are shown in Table 4.

Table 4. Experimental values of strain concentration

Laminate Velocity Strain Concentration at % Ultimate Load

30 40 50 60 70 80

[(0190)41]s L - 1.0 -- 1.0
M -. 1.1 141 155

H 1.89 246 ...

[(+45/-45)4]s L - 2.00 207

M .... 1.73 210

[(0/+45/-45!90)2]s L -- 1.0 -- 10 1 0 *

M - 1.0 -- 1.0 * 10

H -- 1.0 -- 1.59 169

NOTE: -- Denotes no measurements were made; Denotes coupon slipped in grips or grating failed

Conclusions

This paper demonstrates that moire techniques can be used to obtain strain con-
centration factors of low velocity impact damaged glass/epoxy composite material.
The displacement sensitivity, however, was a limiting factor that did not allow for
strain concentration assessment of the coupons damaged at the lower impact cnergiese.
nor is interlamina decoupling noticeable at dclamination boundaries in the fringje
contours. Even with this limiting factor, some observations are possible. Delantina-
tion area as a function of velocity or input energy increases as expected and cxhimit
delamination patterns corresponding to the laminate orientations. The 1(0l +451
-45/ 9 0)21s laminate exhibited the largest delamination areas but did not have the
largest strain concentration factor for similar input energies. This shows that the
1(0/+45/-45/90)21, laminate transfcrred the impact energy into creating larger dclamina-
tion areas and less local fiber damage; thus, this laminate is more structurally
resilient in tension to damage from low velocity impacts.
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