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Stray light on the windshields of automotive vehicles, caused by the impact of small particles, imposes severe safety hazards during 
night driving. Due to reduced contrast by stray light, nonilluminated objects are perceived much later than through pristine wind­
shields. The objective of this paper therefore is to show the dependence of stray light on impact velocity, impact angle, particle shape 
and the mechanical properties of the impacting particle and the target material. Single and multiple impacts of SiC (~ 1 mg/particle) 
and quartz sand (~ 0.7 mg/particle) on ordinary and strengthened float glass under angles of 30°, 45° and 90° and velocities between 
50 and 200 km/h were investigated. Profilometer and various methods of stray light measurement, such as total integrated scattering, 
were used. 

Based on the correlation between surface roughness and stray light, it can be proved that the amount of stray light is proportional 
to the ratio of impact volume to the area of the undamaged surface. Caiculating the contact pressure during impact on the target 
for Sharp and rounded particles in dependence on velocity and impact angle and applying the fracture mechanical criteria for the 
formation of lateral cracks allows the modeling of the impact volume for the various combinations of particle and target contacts 
and thus an estimation of the stray light to be expected. Comparison of the model calculation with experimental data exhibits good 
agreement. Both sets of data show an increase in the amount of damage with increasing velocity and steeper impact angle. The 
damage caused by SiC is always more severe than the damage by quartz sand. Increasing the fracture toughness of the target 
material reduces the extent of the damage by about 10%. Α more pronounced reducdon of stray light and mechanical deterioration 
of up to 60% in comparison to normal float glass can be achieved by a newly developed composite material, consisting of a 0.2 mm 
thick glass, a 0.36 mm thick layer of PVB, and a float glass Substrate of 3 mm thickness. 

Mechanismus der Defektbildung auf Flachglas durch Teilcheneinschlag und dessen Einfluß auf das Streulicht 

Das Streulicht auf den Windschutzscheiben von Fahrzeugen, das durch den Aufprall kleiner Partikel verursacht wird, kann bei 
schlechten Lichtverhältnissen die Fahrsicherheit negativ beeinflussen, da unbeleuchtete Objekte zu spät erkannt werden. Im Rahmen 
dieser Untersuchung werden mechanische Schädigungen durch Einzel- und Mehrfachbeschuß von unbehandeltem, thermisch und 
chemisch vorgespanntem Flotaglas simuliert und deren Einfluß auf das Streulicht ermittelt. Der untersuchte Geschwindigkeits­
bereich liegt zwischen 50 und 200 km/h, die Auftreffwinkel betragen 30°, 45° und 90°. Spitzkörniges SiC 1,0 mg/Partikel) und 
rundkörniger Quarzsand (~ 0,7 mg/Partikel) dienten als Modellmaterialien, um schädigende Partikel des Straßenbelags zu simu­
lieren. Das Ausmaß der Schädigung wird mit Hilfe eines Profilometers und durch verschiedene Streulichtmessungen ermittelt. Durch 
nachfolgende computergestützte Auswertung kann die Geometrie der einzelnen Einschläge aufgezeigt sowie deren Schadensbild 
dreidimensional dargestellt werden. 

Ausgehend von der Definition der Rauhigkeit konnte nachgewiesen werden, daß das zu erwartende Streulicht proportional zum 
Verhältnis von Einschlagvolumen zu unbeschädigter Fläche ist. Unter Verwendung bruchmechanischer Modelle zur Berechnung der 
Erosion ist es möglich, das zu erwartende Streulicht in Abhängigkeit der Versuchsparameter und der mechanischen Eigenschaften 
von Erosionsmittel und Target modellmäßig abzuschätzen. Die Schäden durch SiC sind durchweg größer als die durch Quarzsand. 
Das Ausmaß der Schäden und der Streulichtanteil nehmen mit steigender Auftreffgeschwindigkeit und steilerem Einschlagwinkel 
zu. Die Versuchsergebnisse stimmen mit den Ergebnissen der Modellrechnungen überein. Die Erosionsresistenz gegenüber SiC ist 
bei thermisch vorgespanntem Glas aufgrund der erhöhten Bruchzähigkeit am höchsten. Eine weitere deutliche Verbesserung der 
Erosionsresistenz wird durch die Verwendung eines neu entwickelten Verbundsystems, bestehend aus einer 0,2 mm dicken Glasfolie, 
einer 0,36 mm dicken PVB-Folie und einem 3 mm dickem Floatglas, erreicht. 
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1. Introduction 

T h e negative influence of stray hgh t o n the drivers' 

p e r c e p ü o n dur ing darkness is weh d o c u m e n t e d [1 to 6]. 

Invest igat ions display an increase in the react ion time of 

test pe r sons of u p to 80 % in c o m p a r i s o n to undamaged 

windshields. T h e a m o u n t of stray light increases with the 

increase in mileage. However, the degree of surface 

qual i ty de ter iora t ion is strongly d e p e n d e n t on the place 

the car was used, the type of car, a n d the individual 

driver. Therefore, such da t a display only little Statistical 

significance on the ac tual mechan i sm of defect creation. 

O n the o the r h a n d , publ icat ions on e ros ion phenomena 

offer some knowledge of the extent of d a m a g e as weight 

loss of the target for a given mass of e roden t as a func­

d o n of impac t velocity, impac t angle, a n d material con­

s tants [7 to 12]. T h e severity of the d a m a g e reached in 

such exper iments , however, goes far b e y o n d the damage 

caused on windshields unde r n o r m a l dr iv ing condidons. 

Finally, the theory deal ing with the cor re la t ion between 

surface roughness a n d stray light a s sumes uniformly 

d a m a g e d surfaces as given e.g. d u r i n g grinding and 

pohsh ing of opt ical glasses a n d n o t wi th single, locally 

separa ted defects of several tens of p m d e p t h and mm^ 

of surface [13]. Thus , the objectives of this work can be 

defined as fohows: 

- reproducib le Simulation of the character is t ic defects 

on car windshields on a labora tory scale; 

- charac ter iza t ion of such defects; 

- investigation of the mechan i sms tha t lead to the for­

m a d o n of defects; 

- mode l ing of the extent of d a m a g e a n d the expected 

stray light as a function of impac t velocity, impact 

angle, shape of the erodent , a n d the mechanical 

proper t ies of e rodent a n d target ; 

- deve lopment of measures to reduce the amoun t of 

mechan ica l d a m a g e a n d the resul t ing stray hght. 

2. Experimental 
T h e impac t d a m a g e was simulated by a pressurized air 

c a n n o n . Single eroding part icles (SiC, ~ 1 mg/particle, 

a n d q u a r t z sand, —0.7 mg/par t ic le) were placed in a 

sabot a n d propel led against a m o m e n t u m trap that 

s topped the sabot . T h e eroding par t ic le could pass 

t h r o u g h a hole in the m o m e n t u m t r a p a n d impact 

the target mater ia l . T h e velocity (be tween 50 and 

200 k m / h ) of each individual part icle was measured. To 

avoid var ia t ions in part icle velocity, the d is tance between 

nozzle a n d target surface was kept cons t an t . Multiple 

impac t s were achieved by accelerating e rod ing pardcles 

between two r o t a ü n g tires. As target mater ia l s untreated, 

as-received a n d thermal ly a n d chemically strengthened 

float glasses (Flachglas A G , Gelsenki rchen (Germany)) , 

were investigated. T h e character iza t ion of the individual 

impac ts was per formed using a prof i lometer (Longscan 

Profdomete r P I , Tencor Ins t rumen t s G m b H , München 

(Germany) ) . By t ak ing a series of d e p t h profiles of the 

d a m a g e d surface wi th a cons tan t d i sp lacement between 
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Figure 1. Experimental setup for the measurement of the total 
integrated scattering, schematic [7]. 

the individual scans, it was possible to cover a certain 

area. By means of a specially developed Computer 

p rogram the raw da ta were transformed into three-

dimensional Images of the impact site, and the volume, 

the projected area, and the max imum depth for each 

individual impact were calculated. Such three-dimen­

sional Images are a valuable tool in the examinat ion of 

the damage mechanism. Some of the impact sites were 

also inspected by Scanning electron microscopy (SEM, 

J S M - U 3 , Jeol, Tokyo (Japan)). The stray light was meas­

ured at individual impact sites of known origin by means 

of a hazemeter (Haze 1000, Lichtmeßtechnik G m b H , 

Berlin (Germany)) . Larger damaged areas were investi­

gated by a stray light analyzer ( C C D Stray Light A n a -

lyzer ν 5.0, Schwahn Systems G m b H , Köln (Germany)) . 

3. Correlation between surface roughness 
and stray light 

Stray light can be defined as the amoun t of light that 

is no t t ransmit ted parallel to the main direction of the 

incoming light due to scattering at small surface defects 

such as Scratches and impact sites. The correlat ion 

between the surface damage and the stray light is given 

by [7 and 14] 

TIS = 
-efl 

/ 4 π R M S \ 2 
(1) 

where TIS ( = total integrated scattering, as measured 

with an Ulbr icht sphere) is the r ado of intensides, / , of 

randomly scattered to t ransmit ted hght at wavelength, λ. 

Figure 1 shows a principle of such a measurement . The 

R M S (root mean Square) roughness is defined by 

R M S = (2) 

where Ν = to ta l number of measurements , and 

ZI = height difference of the individual data to the mean 

value. Geometrical ly this means that the areas of the 

data above and below the mean surface level are equal. 

This me thod to describe the surface condit ion works 

well for homogeneously worn surfaces. In the case of 

windshields, however, it is insufficient because of the dif-



Figure 2. Model of a Scratch; Η = distance of the median to the 
real surface, equivalent to RMS (see equation (2), L = distance 
between two Scratches, Β = width of the Scratch, b = width of 
the Scratch at depth H, Τ = depth of the Scratch. 

ferent geometries of Scratches and impacts. Scratches are 

line defects of small dep th that can cover large areas 

of a windshield. Impacts , on the other hand , are locally 

separated defects of a certain area and a considerable 

depth. The R M S roughness does no t discriminate be­

tween the sources of stray light. Therefore, it is not pos­

sible to determine which of the defect types is the more 

critical. In order to overcome this problem the following 

models were developed. 

3.1 Predict ion of stray light caused by Scratches 

and innpacts 

Scratches on windshields normal ly run on concentrical 

circles. With increasing t ime the number of Scratches as 

well as their depth will increase and the distance between 

individual Scratches will decrease. As already menüoned , 

the R M S roughness can be unders tood as the median of 

the surface profüe. The ar i thmetic sum of all deviations 

from this median must be zero. The roughness by 

scatches can therefore be modelled for the fohowing as­

sumptions, see figure 2: 

- the profile of the Scratch is a triangle; 

- the width of the Scratch is independent of its depth; 

- all Scratches have the same geometry. 

In order to calculate this median value, Η (which is 

identical with the R M S of equat ion (2)), one has to 

equalize the area of the cross section of the Scratch, 

b/2(T-H), and the area LH minus the area of the 

paral lelogram made up by the widths Β and b and the 

depth H. Then 

H= BT/(2L) (3) 

is obtained. 

F rom this equat ion it becomes obvious that the 

roughness and therefore the stray light will increase with 

the width and the depth of the Scratch and decrease with 

the distance between the Scratches. 

In accordance with the calculation of the roughness 

caused by Scratches, the calculation of the median sur­

face level in the case of an impact cone of radius R is 

possible as a function of its projected area and its depth. 

T h e median surface level, H, is obta ined if the volume 

of the undamaged surface · Η minus the volume of 

a t r u n c a t e d cone of dep th Η equa ls the vo lume of the 

r e m a i n i n g cone. T h e roughness caused by the i m p a c t of 

a par t ic le then is described by 

Η = nR^T/(3L^) (4) 

F r o m this equa t ion it becomes evident tha t t he r o u g h ­

ness a n d therefore the stray light is de t e rmined by the 

ra t io of the impac t vo lume KR^T/3 a n d the a rea of t he 

u n d a m a g e d surface, L^. T h e roughness caused by im­

pacts is far m o r e severe t h a n the roughness c a u s e d by 

Scratches. K n o w i n g tha t the vo lume of the i m p a c t c ra te r 

is t he de te rmin ing factor for the stray light, it becomes 

n o w in te re sdng to est imate the extent of impac t d a m a g e 

as a funct ion of e rodent and target character is t ics as well 

as of i m p a c t valocity a n d impac t angle. 

3.2 I m p a c t dannage 

T h e i m p a c t d a m a g e can be descr ibed by two bas ic con -

cepts. T h e Solution for the con tac t of a sphere wi th a 

flat surface is given by the Her t z i an stress field, whe rea s 

the Solution for the con tac t of a po in t ed b o d y wi th a 

surface is described by the Bouss inesq field [9]. I n t he 

first case, the con tac t does n o t au tomaüca l l y resul t in a 

p e r m a n e n t d a m a g e of the target , however, t he c o n t a c t 

of a s h a r p indenter wi th the surface of a bri t t le ma te r i a l , 

such as glass, leads to crack fo rmat ion w i thou t a th resh ­

old. H u t c h i n g s [15] separa ted the eros ion in to four steps, 

d e p e n d i n g on impac t velocity: 

a) elast ic react ion: n o p e r m a n e n t d a m a g e by i m p a c t i n g 

par t ic le ; 

b) H e r t z i a n cone: n o mater ia l removal by single i m p a c t ; 

c) irreversible deformat ion of target mate r ia l : stresses 

d u r i n g impac t exceed yield s t rength of target ma te r i a l , 

f r agmenta t ion of target mater ia l in the area of m a x i m u m 

c o n t a c t pressure; 

d) fo rma t ion of lateral cracks: massive removal o f m a t e ­

rial fo rm the target , big impac t craters. 

T h e k ind a n d extension of the d a m a g e is therefore 

d e p e n d e n t on the kinetic energy of the i m p a c t i n g 

part ic le , its shape a n d the mechan ica l p roper t i es of the 

e r o d e n t a n d the target . These p a r a m e t e r s d e t e r m i n e t he 

p ressure u n d e r the impac t ing par t ic le a n d t h u s the 

e ros ion pa t t e rn . T h e pressure u n d e r n e a t h a s h a r p in­

den t e r can be derived from the a s sumpt ions of t h e quas i -

stat ic ha rdness test. Lawn et al. [9 to 11] def ined the 

m e a n pressure, P ^ , u n d e r a sha rp indente r as 

π Λα; 
(5) 

where Ρ = load of indenter, = rad ius of i n d e n t a t i o n , 

Λ = geometr ica l factor, a n d = ha rdness of t h e ta rge t 

ma te r i a l . Fo r the a s sumpt ion tha t there is a geomet r i ca l 

s imilar i ty between the indenter a n d the i n d e n t a t i o n , 

öe c a n be described as 

öfe = Γ · t a n 9 (6) 



where φ = half of the open ing angle of indenter. Sub­

st i tut ing equa t ion (6) in to equa t ion (5), one obtains the 

pressure as a funcüon of the p e n e t r a d o n depth. The 

to ta l work , W^, necessary to create such an indentadon, 

is given by 

W^= S Ρ(Ζ)ΆΖ. (7) 

Since the work of deformat ion is e q u a l t o the kinetic 

energy, E]^i^, of the particle, the m e a n pressure during 

a n impac t is given as 

(8) 

Fo r the a s s u m p t i o n of a Her tz i an stress field, Evans [12] 

derived for a b lunt indenter 

(9) 

where r^, ν, a n d ρ = radius, velocity, a n d density of the 

impac t ing particle, respectively, a n d k^, = mechanical 

cons t an t s of target a n d particle. I t is w o r t h point ing out 

tha t the bu i ld-up of pressure is d e p e n d e n t on target 

ha rdness a n d Young's m o d u l u s in t he case of a sharp 

indenter , whereas in the case of a b lun t inden te r the stiff-

nesses of target a n d e rodent are de t r imen ta l . In other 

words , a soft target mater ia l wi th a low Young 's modulus 

is less susceptible to erosion t h a n a h a r d one. 

where E^^ = combined Young's modu lus of part icle and 

target, and C = constant . Replacing with 1.54H^, the 

hardness of the target [12], one can estimate the critical 

velocity, Oc, an impact ing particle must reach to cause 

pe rmanen t de formadon 

(11) 

So far, the erosion described is dependent only on the 

contact pressure and the elastic constants of particle and 

target as well as the target hardness. For the formation 

of radial and lateral cracks, fracture mechanical con-

sideradons have to be taken into account , too , e.g. [16 

and 17]. Thus , the formation of lateral crack pa t te rn can 

be estimated by [17] 

(12) 

where Ρχ = threshold load to be reached by the impact­

ing particle to initiate lateral cracking, and Κγ^ = frac­

ture toughness of the target. E^ and are related to 

the stress field beneath the indenter, whereas Κχ^ gives 

evidence of the critical stress enabling the crack opening. 

Since the kinetic energy of the impacting particles is 

related to the size of the indentat ion and the threshold 

pressure, P\, which is propor t ional to the projected area 

and hardness of the target material, one can also esti­

mate the critical erodent diameter, d\, that is necessary 

to cause lateral cracking [17] 

3.3 Fo rma t ion of c r a c k Sys tems 

T h e extent of the erosion by an i m p a c t i n g particle is 

dependen t on the pressure u n d e r n e a t h t he indenting par­

ticle, which in tu rn is dependen t o n the mechanical 

proper t ies of the target a n d the shape of the erodent. It 

is also clear tha t the format ion of s tray l ight is connected 

to the removal of mater ia l from the target . Therefore, 

H u t c h i n g s [15] first two condi t ions , viz, the pure elastic 

con tac t be tween target a n d e rodent a n d the formation 

of He r t z i an cones can be ruled ou t . I n cont ras t to per­

fectly Sharp part icles such as SiC, e ros ion by small 

q u a r t z part icles does n o t s tar t ins tantaneous ly , but at a 

cer ta in th reshold velocity. Wi th fur ther increasing im­

pac t velocity the erosion rate increases slightly until at a 

second th reshold velocity it increases sharply to reach 

the eros ion rate for the purely sha rp par t ic le . 

T h e first stage of erosion tha t is crucial for the 

fo rmat ion of stray light, therefore, is t h e irreversible de­

f o r m a d o n of the target . For the c rea t ion of irreversible 

deformat ions in b r i tüe materials , the pressure over the 

inden ta t ion mus t exceed the yield s t r eng th of the target 

mater ia l by at least 1 0 % [11]. Since t h e m a x i m u m pres­

sure, Pc, which exists du r ing the i m p a c t is independent 

of the rad ius of the sphere, it can be ca lcula ted as follows 

[11 a n d 12] 

El 1/2 

\HJ Hl Tl/6 
(13) 

Figure 3 displays this critical pardcle diameter as a func­

tion of impact velocity and angle. Finally, it is also pos­

sible to calculate the volume, Fi, of the individual impact 

craters as a function of impact energy, impact angle, and 

materials cons tants (see also figure 4): 

^ {E^jlH^f'^ ^ 7 / 6 (14) 

Since the expected stray light caused by impacts is 

p ropor t iona l to the Square of the roughness, which in 

turn is p ropor t iona l to the ratio of impact volume to 

undamaged surface area, one now can predict the stray 

hght based on material properties and the kinetic energy 

of the impact ing particle. 

4. Results and discussion 

4.1 Impact morpho logy caused by po in ted 

part ic les 

If the particle hits the plane of impact perpendicularly, 

the morpho logy of the impact site can be described by 
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Figure 4. Impact volume following the impact of sharp particles 
on float glass as a function of impact velocity and impact angles 
of 30° and 90°, respectively. 
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Figure 5. Typical crater depth morphology after the perpendi­
cular impact of a sharp particle (SiC); Ü = 150 km/h, scan area 
(2X1) mm^. The numbers denote the depths in pm. 

four lateral cracks located centrosymmetrically around 

the center of impact , see figure 5. However, if the direc­

tion deviates from 90° towards more shallow angles of 

impact , the morphology changes significantly. Thus, 

only two lateral cracks come into being, see figure 6. The 

max imum penetrat ion depth is reached in front of the 

lateral cracks. In the case of an impact angle < 9 0 ° 

Figure 6. Typical crater depth morphology after the impact of 
a Sharp particle (SiC), under an angle of 30°; υ = 150 km/h, 
scan area ( 2 x 1 ) mm^. The numbers denote the depths in pm. 

the kinetic energy of the impac t ing par t ic le h a s t o be 

separa ted in to two c o m p o n e n t s [18]. O n e is ac t ing n o r ­

m a l t o the p lane of impact , thereby creat ing t he force 

for t he part icle to penet ra te in to the target ma te r i a l . T h e 

o t h e r one, act ing parallel to the p lane of impac t , causes 

a sl iding movemen t of the impac t ing part icle. O n c e the 

e rod ing part icle has penet ra ted in to the ta rge t a n d has 

c o m e to a s top, the force c o m p o n e n t paral lel t o t h e sur­

face will cause a pressure bu i ld -up in front of t h e im­

pac t i ng part icle tha t finally results in the f o r m a t i o n of 

two lateral cracks beh ind the impac t site, seen in the 

d i r e c ü o n of the incoming particle, see figure 7. T h e 

Separation of the kinetic energy into two components [8] 
is responsible for the f o r m a d o n of these d o u b l e impac t s . 

T h e force c o m p o n e n t act ing perpendicular ly t o t h e sur­

face of the target is causing the first impac t . T h i s i m p a c t 

site shows the typical m o r p h o l o g y of a n i m p a c t u n d e r a 

shal low angle, as described above. D u r i n g the i m p a c t the 

e rod ing part icle is inhibi ted in its forward m o v e m e n t 

wi th respect to the force c o m p o n e n t ac t ing para l le l to 

the surface. Since only a small p r o p o r t i o n of t h e im­

p a c t i n g part icle actually penet ra tes in to the ta rge t , the 

i m p a c t site acts as a pivot. T h e force c o m p o n e n t ac t ing 

para l le l to the surface will therefore initiate a ro t a t i on 

of t he impac t ing particle, visible as br ight do t s , caused 

by reflexion on the picture, see figure 8. A l m o s t s imul-

ta inous ly the elastically s tored energy in the t a rge t a n d 

the e rod ing part icle is released a n d propels t he par t ic le 
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Figure 7. Three-dimensional representation of the damage 
caused by an SiC double impact; impact direction from left to 
right, t; = 150 km/h, Α = 30°, scan length 2 mm. 

glass surface 

Figure 8. Photographie visualization of a double impact of a 
sharp particle (SiC) under an impact angle of 30°; t> = 150 km/h. 

ou t of the impac t site. T h e r o t a ü o n of t h e particle causes 

the second impac t . Two effects are responsible for the 

accelerat ion of the e rodent back o n t o t h e target surface: 

pr imar i ly the ro ta t iona l m o m e n t u m of t he particle itself 

Secondly an ae rodynamic effect: the ro t a t i on of the par­

ticle causes a small v a c u u m u n d e r n e a t h the erodent, 

since d u e t o the ro ta t ion the air velocity below the 

par t ic le is shghtly increased in c o m p a r i s o n to the air 

velocity above the particle. T h e m o r p h o l o g y of the 

second impac t is similar to tha t of a n impac t under a 

steep impac t angle. 

4.2 Impac t d a m a g e c a u s e d by r o u n d e d particles 

T h e m e c h a n i s m of defect creat ion d u r i n g the impact of 

r o u n d e d q u a r t z part icles follows a different scheme, 

which can be explained from the shape of the quar tz 

part icle. This is nei ther a spherical n o r a s h a r p indenter. 

I t m a y best be descr ibed in t e rms of a t r iaxia l elhpsoid. 

I t ha s three radi i of curva ture a n d the init ial mean con­

tact pressure can be descr ibed accord ing t o equat ion (9). 

Figure 9. Irreversible deformadon of the glass surface and cra­
ter depth after the perpendicular impact of a rounded quartz 
particle; υ = 100 km/h, scan area (0.5 X 0.5) mm^. 

In contras t to sharp indenters, however, the mean con­

tact pressure is not uniform over the tota l contact area. 

Moreover, the glass target is no t an ideal elasdc body, 

but can be irreversibly deformed under condit ions 

s imüar to those dur ing a Vickers hardness test [19]. The 

contact area is therefore underest imated. The crucial fac­

tor for the t ransformation from the purely elastic contact 

to the removal of material is the contact pressure in the 

center of the contact area that exceeds the yield strength 

of the glass. According to Hutchings ' erosion phase 3 

this results in the formadon of cracks [15]. However, 

with increasing penetrat ion depth of the indenter the 

m a x i m u m pressure will no t increase further, but the r ado 

of contact surface under elastic compression and irrever­

sibly deformed area will change. As long as the irrever­

sibly deformed area is surrounded by elastic com­

pression, the material removal is small. But as soon as 

the whole contac t area becomes irreversibly deformed, 

the existing stress field will be described by that of a 

Sharp body impact , which then results in the fo rmadon 

of lateral cracks. The vahdity of this assumpt ion can be 

seen in figure 9. Α small crater is sur rounded by a 

depression of a round 1 pm in depth, probably caused by 

the c o m p a c d o n of the glass by the contact pressure. 

4.3 Impac t d imens ions and their correlat ion t o 

stray light 

As expected by the model the extent of the damage in­

creases with steeper impact angle and increasing impact 

velocity. D a m a g e caused by sharp SiC particles is always 

more severe than the damage by rounded quar tz par­

ticles. It could further be shown that thermally strength­

ened glass has the highest resistance to erosion. This can 

be explained by the increased fracture toughness of this 

material . 

Compar ing the experimental da ta in figure 10 to the cal­

culated crater volume in figure 4, it becomes obvious 

that the model developed predicts the crater volume very 

well. The somewhat smaller velocities that correspond to 

the measured volumes can be explained by the larger 



3.2-U.O U.O - 4(9 \̂^̂^̂^̂^̂  \ \6A-7.2  
\5.6-6Λ \ 

' 

70-100 100-125 125-150 
• Impacf velocity in km-h'^-

90° 

•20° 
150-180 

Figure 10. Crater volume caused by the impact 
of sharp SiC particles (0.5 to 1 mm) on float 
glass as a function of impact velocity and im­
pact angle. The numbers denote the crater vol­
ume in mm^ -10""^ 
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Figure 11. Stray light caused by the impact of sharp SiC pard­
cles on float glass as a funcdon of impact velocity and impact 
angles of 30°, 60° and 90°, respectively 

particles used in the experiment. The model based on 

particles with a diameter of 0.5 m m , whereas the frac­

d o n used in the experiment ranged from 0.5 to 1 m m in 

diameter. Measur ing the stray light on individual impact 

craters as a function of impact velocity and angle, one 

can see that the stray light follows the increase in crater 

volume, see figure 11. The a s s u m p d o n that stray light 

caused by impact damage is dependent on the ratio of 

crater volume to undamaged area seems to be valid. The 

model developed thus predicts the stray light caused by 

particle impact as a function of impact velocity and 

angle, as well as the material propert ies of target and 

erodent. 

5. Measures to reduce stray light caused by 
particle impact 
It is known [20] that the formation of lateral cracks 

occurs during the unloading cycle of an indentat ion. The 

driving force is the elastic energy, s tored underneath an 

indentat ion [8, 21 and 22]. Using Griffith's a s sumpdon 
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Figure 12. Load versus penetradon depth; loading and unload­
ing curves, chemically strengthened float glass. 
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Figure 13. Load versus penetration depth; loading and unload­
ing curves, laminate consisting of 0.2 mm glass, 0.36 mm PVB, 
and 3 mm float glass Substrate. 

of a ba lance between the elastically s tored energy a n d 

the length of a crack, it becomes obvious t h a t the re­

d u c t i o n of the elastically storable energy u n d e r n e a t h a n 

inden ta t i on will result in smaller lateral cracks. Since t he 

v o l u m e of impac t craters also becomes smaller, th is ul t i -

mate ly reduces the stray light. T h e storable energy in a 

b o d y depends on ist Young's m o d u l u s a n d the degree of 

de fo rma t ion . Therefore, using a mater ia l wi th a low Ε 

m o d u l u s wih result in a smaller a m o u n t of elast ic energy 

to be s tored u n d e r a given deformat ion . Since Ε of tech­

nical Silicate glass is given ( ~ 7 G P a ) , the only way t o 

reduce it is to p repa re a compos i t e mater ia l . Expe r i ­

m e n t s [23] on the hardness of th in coat ings have s h o w n 
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Figure 14. Stray light measured on individual 
impact sites; laminated glass, sharp SiC particle, 
υ = 200 km/h, impact angles of 45° and 90°, 
respectively. 

t ha t wi th increasing inden ta t ion d e p t h the mechanical 

p r o p e r d e s of the Substrate become m o r e a n d more domi­

n a n t . Α laminate consis t ing of 0.2 m m thick glass, 

0.36 m m P V B organic mater ia l , a n d a 3 m m float glass 

Substrate was investigated for its e ros ion resistance. The 

th in glass is necessary for m a i n t a i n i n g the good Scratch 

resistance. Since it is n o t possible to measu re the Per­

formance of this laminate system directly dur ing an im­

pact , a quas i -dynamic record ing ha rdnes s measurement 

was appl ied instead. 

C o m p a r i n g figures 12 a n d 13, it becomes apparent 

tha t for a given load the Vickers inden te r penetrates 

deeper in to the laminate system t h a n i n t o the monoli thic 

reference sample. Since, however, the pe rmanen t pene­

t ra t ion after un load ing is approx imate ly the same for 

b o t h samples, this can only be expla ined by an elastic 

deflection of the comple te l amina te surface. If one 

further assumes that the load ing a n d un load ing curves 

DESCRIBE a HYSTERESIS, THEN THE area BETWEEN THE two 

cycles IS PROPORTIONAL to THE a m o u n t of energy LOST due 

to irreversible deformat ion wi thin the tested material. 

This CLEARLY m e a n s tha t in the case of the laminate SYS­

t em m o r e energy dissipated a n d was n o t s tored in elastic 

deformat ion . Therefore, there is less energy left to drive 

the format ion of lateral cracks a n d the crater size is re­

duced. This should also result in less s tray light. Com­

pa r ing the stray light, measu red o n individual impact 

craters of the lamina ted glass (figure 14), to the stray 

hgh t measured under the same cond i t i ons o n a m o n o ­

lithic glass System (figure 11), one indeed fmds a re­

d u c d o n by about 6 0 % . 

F u r t h e r details on the topics discussed may be taken 

from [24]. 

6. Conclusions 

Part icle impac ts o n windshield glasses cause stray light, 

which imposes severe safety h a z a r d s dur ing night 

driving. Resul ts ob ta ined by mode l ing a n d from experi­

men t s display: 

— Stray light due to part icle eros ion is related to the 

ra t io of the vo lume of the impac t c ra ter to the un­

d a m a g e d surface. It is therefore poss ible to estimate 

the stray light in dependence on the material con­

stants of the erodent and the target as a function of 

erodent shape and impact angle and velocity; 

It could be shown that the morphology of impacts 

caused by pointed pardcles (SiC) varies with impact 

angle; 

For these pardcles the existence of double impacts by 

a Single particle could be shown and explained; 

For rounded particles (quartz sand) there exists an 

intermediate deformation process pr ior to the forma­

t ion of lateral cracks, in which pe rmanen t defor­

m a d o n is caused by irreversible processes in the glass; 

Using a composi te material consisting of a 0.2 m m 

glass, a 0.36 m m PVB layer, and a 3 m m float glass 

SUBSTRATE REDUCED THE stray LIGHT CAUSED by pardcle 

EROSION by ABOUT 6 0 % compared to no rma l float 

glass. 

The authors gratefully acknowledge that they could use the air 
cannon constructed by the Fraunhofer-Institut für Kurzzeit­
dynamik, Freiburg (Germany). 

7. List 

b 
Β 
C 
dl 
^KIN 

Η 
I 
Kl, 
k[, kp 
L 
Ν 
Pm 
Ρ 

Pc 
Pl 

of SYMBOLS 

= radius of indentation in pm 
= width of a Scratch at depth Η in pm 
= width of a Scratch at the surface in pm 
= constant 
= critical erodent diameter in pm 
= kinetic energy in J 
= combined Young's modulus of particle and target in 

Pa 
= Young's modulus of target in Pa 
= hardness of target material in Pa 
= median penetration value in pm 
= light intensity 
= fracture toughness of target material in Pa m^̂ ^ 
= constants related to target and particle 
= distance between two Scratches in pm 
= total number of measurements 
= mean pressure under an indenter in Pa 
= load of penetrating particle in Ν 
= critical load in Ν 
= threshold load to generate a lateral crack pattern 

in Ν • 



R = radius of impact crater at the surface in pm 
radius of impacting particle in pm 

RMS - root mean Square roughness in pm 
Τ = depth of a Scratch in pm 
TIS = total integrated scattering 
Fl crater volume in mm^ 
VC = critical velocity in m s~^ 
υ = velocity of impacting particle in m s"^ 
Wp = work to create indentation in J 

= height difference in pm 

α = impact angle 
λ = wavelength of light in pm 
Λ geometrical factor 

φ half of the opening angle of indenter 
Q = density in kg m^ 
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