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ABSTRACT

The physlcal and mechanLcal propertles of gray cast

Lron rrere studíed in this thesis. The main enphasís was

placed on the impact propertles of the material.

A series of inpact tests ldas carrled out to

investigate the loadíng rate effect on the faí1ure

strength of gtay cast iron. The lmpacË tests ldere

perforued on a specially deslgned ínstrumented drop weíght

tes E rnachine G20 and G4O specimens with di"i f erent

configurations rJere tested to failure under varying

loading rates.

The validlty of the tesÈ results riTas discussed,

based on the analysis of the dynarnic response of the Èest

system and the frequency response of the load ce11 to the

inpacÈ loading.

It r/as found that gray cast iron ls a loadlng rate

sensitlve materlal. The failure strength increases as the

loading rate increases. Gray cast iron is also said to be

notch ínsensítíve under sËatic and impact loading.
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CHAPTER 1

I NTRODUC T ION

1.1 IntroducÈion

Gray cast iron 1s a structural material which has

been used for many centuries. In spite of the rapld

developnent of new materials ¡ gray cast iron ls sEi1l

widely used. rt fs one of our most inporËant materials

from the sËandpoinE of its 1ow cost, good castabí1ity and

machinabllity. Typical applications are engine blocks,

heads; bases, frames, beds and support.s for machfne

tools.

Gray cast. iron has considerably lower impact

strength than either steel or ma11eab1e iron. However, ln

many gray iron castings, some impact strength is ínportant

for the resístance to breakage. There is incomplete

agreement on a standard lrnpact test method for cast iron.

ASTM standard 
^327 

recomuends charpy type ímpact tests

with unnotched bar specÍmen for Bray cast irons and

notched bar speclmen for rnalleable lrons. The usefulness

of this kind of impact tests is limlted, because the test

results determine only the relative difference in failure

strength of the materials.

In the past few years, as a result of development of

stress measuring technfques, considerable progress has

been made in measurement and analysis of dynarnlc stresses.

Instrumented lmpact tesEs, which provide load-tlme
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lnformatLon in

lntroduced to

The load and

the load-time

addi t ion

Èhe

to the energy absorbed, have been

dynanic properties of üaterlals.

can be obtained from

fallure, as well as the area under

corresponding to Ëhe energy absorbed

the Èests.

L.2 Statement of. Problern

Thls thesis is maín1y an experimental study of the

impact strength of gray cast iron under varyÍng loading

rates. The effect of síze and geolnetry of specimen on the

lnpact strength is also investigated.

1.3 Scope of Thesis

The thesis is divided inÈo six chapters. Chapter 2

of the thesis deals with a ltterature survey of the

properties of gray cast lron. Mechanical, physíca1 and

other related properties are included, wi th part icular

ernphasis on inpact properties.

The experimental study, including the Ees E prograu,

test equipment, and test procedure 1s described in

Chapter 3, with results and dlscusslons appearing in

Chapter 4 and 5.

The final chapter is devoted to the conclusion and

suggestl-ons for further work.

A llst of references and an appendlx ls presented at

the end of the thesis. The appendix contains the

procedure for calibratlon and a mathematfcal soluÈion of

raúp l-mpulse to SDOF sYStem.

s tudy

tlme Èo

curve
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CIIAPTER 2

PROPERTIES OF GRAY CAST IRON

2.L Classifícatlon of Grav Cast Iron

Gray cas t iron is an alloy of iron¡ cârbon

carbon 1s present than can

and

silicon, in

retained in

which more be

solid solution in austenite at the eutectic

temperat.ure. A sinple and convenient classification of

gîay cas t iron can be f ound in ASTM 448 [1] ¡shlch relates

the various types 1n terms of tensile strength. Thís

classification is shor¿n in Table 1, where the first three

classes cover t.he ordinary grades and renainders are

consldered hlgh-strength gray cast Lron.

TABLE 1 CLASSIFICATION OF G. C. I

T. S. MIN ( Ib/ IN 2
)CLAS S

c20

c25

c30

c35

c40

G50

c60

2o ,000

25,000

30,000

35,000

40,000

50,000

60,000

The ASTM classiftcation by no means connotes a

scale of ascending superlority from class G20 to G60,

because ln many applicaÈions, strength 1s not the rnajor

criterlon for the cholce of grade.
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Tabl-e 2 glves typical compos it ions to meet the

various classes of ASTI,f 448 specification. The values in

this table are only suggestions and not a part of the

specificatlon, but they have been checked against

successful practíce. [3] rt' should be noted Ehat lncreased

strength ls obtained by progressively lowerlng the carbon

and silicon contents.

Analyses of gray cast iron usually fa11 within the

following lirnits: Total carbon 2.5 3.5 percent;

combfned carbon 0.6 - 0.9 percent; silicon 1.5 3

percent; and phosphous 0.2 percent.
Specific properties of gray casÈ iron may be

modified by the use of alloying elements such as nickel,

chromium, Dolybdenum, vanadium and copper.

2.2 Factors Affectlng Propertles of Gray Cast Iron

The structure and properties of gray cast iron are

affected by the following factors.

2.2.L The Rate of Solidification

Slow rates of solidification a11ow for graphi t e

tend toformation, and

frorn a casting

solidiftcaÈion

graphite, and

castings made

which ís soft and

ín s and rno 1ds

machinable. More rapid

formation ofwill tend to prevent the

glve a white iron casting whlch is hard
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and less readily machlnable. It is also noted that

tenslle strength tends to lncrease with higher rate of

so1ídification.

2.2.2

Car bon

Cheni cal Comoosition

Content The higher the carbon content of

the gray cast lron, the lower wí11 be its nelÈing polnt.

Hence, the formation of Eray and soft iron tends to

occur.

Silicon. Silicon s1íghtly strengÈhens the ferrite

but increases t.he brittle transition temperature.

Indirectly, however, it acts as a softener by íncreasing

the Èendency of the formation of cementite separate the

graphite and ferrite. Hígh silicon contents increase the

acld-corrosion resistance of gray cast íron, whích 1s

usef ul in cheroical industries.

Sulphur and Manganese Sulphur is usually present in

amounts from 0.03 to 0.07 percent and ls a normal

constiËuent of cast iron. The chief functl-on of manganese

ln gtay cast lron is to neutralíze the sulphur content by

fqrrming manganese sulphide and prevent the format ion of

the more harmful iron sulphide which tends to stabilize

the cementite producing a hard and brittle casting.

Nlckel. Chromíum. and Molybdenum Alloytng elements

may be added

properties.

to gray cast íron 1n order to improve their

For the production of high strength Lrons,
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additlons of nickel, chromium and noLybdenum are commonly

used. Nickel can be a very effecLive graphltizer to

1üpart more unl-foru characterÍstl-cs fn varlable sections

of castings. It also tends Ëo reduce the size of the

graphite flakes, thus inprovÍng the strength of casting

slgníflcantly. Chromium promotes the formatlon of

combined carbon. The combination of chromium, nickel and

molybdenum produces an lron which is fine-gralned and

htgher in strength, wíth the graphite uniforuly

dispersed.

2.3 PhysícaI Properties of Gray Cast Iron

The most significant physical properties of gray

cast iron are density, thermal conductivity, coefflcient

of thermal expansion, electrical properties, Poissont s

ratío and damping capacity.

Density Density of gray írons at room temperature

varles from 6.95 E/cm
3 1

to 7 .35 g/ em' . The density of

liquid cas t Lrons above the final solidiflcatlon

slem3. I3l

Thermal Conductivity of gray

abou ttemperature is

The rmal

jus t

6 .23

Conductivity

cast iron at room temperature 1s

of many other ferrous üaterials,

ca1 per cm per oc per sec.

approximately the same as

rangíng from 0.11 0.137
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Coefficient of thermal expanslon Coefflctent of

thermal expanslon of gray cast f.rons 1n Ëhe

ro 500oC (32' to 932'F) is abour 13 x

range

10-6

used

from 0o

oc

However, at room tenperature the
-A10 x 1O " p"r "C is accurate

purposes.

Electrlcal Properties

dependíng on the tenperature.

Poíssonts Ratio The

of

for englneering

The specific electrlcal

(resistlvity) of gtay cast íronr âs compared

of other ferrous metals, ls relatlvely high,

because of the amount and distribution of the

comnonly

enough

per

f lgur e

resfstance

wlth that

apparently

graphite content. Increases in total carbon

in sillcon contenÈ lncreases resistivity. The

of gray cast iron lies between 75 and 100

content and

resÍstivity

microhm/cm,

ratio of elastlc lateral

straln across a bar to the elastic longitudinal straln is

known as Poissont s ratio. Unlike most elastic materials

in which the Poissonts ratlos are constants, gray cast

frons nay have varying Poisson r s ratio wíth varying stress

and straín. Gllb"rt [4] has studled in detail the change

of Poissonr s ratio with the variaÈl-on of sEress on a

typlcal engineering gray cast iron of 30 r 000 psi in

tensile strength. His resulËs, sumFarized 1n Fig. 1 and

Fig. 2, show that at low stresses a value of O.25 is

found, decreasing to abouE 0.22 at a tensile stress of

9 r000 p"i whlch is the normal maximum likely to be used
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ln practlce. For compresslve stresses the value remal-ns

substantially const,ant at o.25 until the stress exceeds

about 27,000 psi, at which point the value increases

sharply.

Daupíng Capacity Danping capacity ís the properry

whlch permits a material to absorb vibrational stress and

energy rsithin the body of

has an exceptlonally high

of darapfng capacitles of

Fig. 3.[4] c.ry casr

excellent, uaterials for

Èhe material itself .

danplng

three

capaclty.

materials

Gray iron

comparison

shown in

A

1S

irons have been recognized as

exces s ive vi brat ion, (but

2.4 Mechanlcal Propertles

Gray cast lron ls tested Ëo determine its mechanical

properties by ascertaÍning its tensile strength and its

transverse modulus of rupture. conpression and hardness

tesÈs are sometlme used to give additlonal information.

The usefulness of the inpact tes E for gray cas t iron is

not well established, though a 1ot of research work has

been done 1n recent years.

Tenslle strensth TensÍ1e strength is the stress

parts which

noÈ inpact).
have to withstand

axially applied

the conventional

required to

load. It

fracÈure test piece by an

is generally deternlned by

static tenslle test. Typlcal stress-strain curves of gray
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cast lron of tensí1e tests are shown ln Fíg. 4. l,4l
Ä.

significant variation in the representative section of the

castlng should always be considered, since gray casË lron

1s essentlally a non-homogeneous material.
Com ressLve stren rh Gray cast iron has a

relatively hígh compresslve strengÈhr vârylng from g0 KSr

Èo approximate 170 Ksr. The relatÍonship between
compressive strength and tensl-1e strength is linear on a

log-1og p1ot, as shown 1n Fig. 5.

Modulus of elastlcfty From typlcal stress-strain
curves shown in Fig. 4, it is evldent that gray cast Íron

does not obey Hooke I s law. The non-linear characteristic

is due nalnly to the number and size of graphite flake s.
The modulus of elasticity fs usually determined frorn the

elongation of the specÍmen duríng a tensile test,, and is

calculated on a load not greater than a quarter of Èhe

ultimate breakíng load of the test piece. The rnodulus of

Eray iron varies from lO x 106 psi ato 23 x 106 psi.

Transverse strength l.Ihen an as-cas t test bar is

loaded a a simple beamr âs shown in Ftg. 6, and the load

..t d def lection required to break it are determined, the

resulting value is converted into a nomÍna1 index of

sÈrength by uslng the standard bean formula. The value so

determined ls ca11ed Èhe "modulus of rupture", which is an

useful parameter for productlon control, but cannot be

used fn the design of castings wíthout further analysls

and interpretation.
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The t ransve rs e rup ture s t re s s

s tandard beam formula is always 1.6

than the tensile strength, rnainly due

behavlour of g..ay cast rrorr.[4]

calculated by the

hlgher2.1 tl-mes

t o the nonlinear

such as the notched-bar Charpy Ëest

testr âfe Eost

llardness The Brinell hardness numbers of gray cast

iron are ln the range 155 to 320. The relation between

BrÍne11 hardness and sÈrength ls shorsn ln Fig. 7.

Irn act Stren rh Impact testing has long been ln use

for Ëhe Ínves tlgation of structural materials, usually by

means of transverse test pieces. The energy required to

load the speclmen to destructlon is usually regarded as

impact strength. In most ductile materials, lupact. Ëests

are used to deÈect dangerous conditions of embrittlement

whlch would not be observed in a normal tensile test. The

of temperat.ures so

ature at which the ductile-to-brittle

ordinary lmpact tests,

and drop weight tear

conducted over a range

place

impac t test of gray

materlals.

before any

place and

nay.

iron

rne

There

meaningful when

that the temper-

trans I t íon take s

usefulness of an

same as that for

can be determined. However,

cast iron ls not

Fai lure of gray cas t iron occur s

plastic deformatíon of the mat.rix Ëakes

the

the

ductile

general

gray cast iron invariably falls 1n

1s no ductlle-brÍtt1e transition of

under fmpact loading. Gilbert [5] states

purpose of an inpact Èest on flake-graphlc

a brittle

gray cas t

follows:

cast Lron

AS
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is Èo obtain an energy value represenÈatlve of the r¿ork

done to cause failure. This is referred to as the

resilience.of Èhq material".

Tabl" g[7] provldes some values of rnpact strength

in terns of energy of gray cast iron for different grades.

The relation between the values of inpact fracture energy

and resllience as calculated fron the load-deflection

curves in transverse sÈrength t,es t rùas studied by various

researchers. Fig. 8A and Fig. 8B show the experimental

results obtalned by lfaltorr[3] rrrd Gilb".t[5]. Ir can be

observed that all the fracture energies obtained from the

lmpact tests are Ln excess of the resilience obtained in

the slow bend tests. The difference ln the values was

thoughÈ to be nalnly due to the energy loss incurred in

the impact test as the broken halves of the test piece

vibrate between t.he hammer and anvil.

In addition, GilberaIt] carried out Charpy tests

usíng hamuers of varying weight and cons tant fnpact

valocity. rt was found that the fracture energy was

smaller for the sroaller weight of the hammer. He also

carrled out charpy tests with constant inltial energy and

varying lnpact velocfty by using a specific combination of

helght and weíght of the drops. The recorded fracrure

energy increased as the f.npact. velocity increased.
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In gray cast iron maËerial, a sharp notch reduces

the energy to rni t iate a crack and as the energy to
propagate the crack ls 1ow, the Ëotal energy absorbed will
also be 1ow. ASTM standard 

^327-7zl2l 
uses an unnotched

cyllndrical specimen in a charpy-type inpact tes t, because

any notched speclmen of gray cas t iron would result in a

decrease in the energy to failure and would nake it more

difficult to distlnguish between the impact properties of

the various gray cast irons.

Generally, the effect of section sLze fron which the
standard specimens are cut ls less on inpact strength than

on tenslle sÈrerrgt¡[4J.

An increase in temperature from 0o to 350" c reduces

the Írnpact strength of gray cast Íron by about 1o percent.
As the test temperature drops to -1o0oc, a 3o percent

reductlon of inpact strength is obtained. lùithin the

normal range of at.mospheric temperatures, however, the

temperature effect can be disregarded.
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2.5 Proposed Instrumented Test for Inpact Strength

Measurement

From the revfew of the properties of gray cast iron,

it has been shown that tenslle and transverse strength are

the most commonly used parameters in practfce. Impact

strength, though it 1s essentlal to the applicatlon under

dynarnic loadirg, is a relatively less understood

parameter. All the impact tests determlne the impact

strength in terms of fracture energy. However,

díffÍculties arise when correlation between energy values,

as indicators of irnpact strength obtaíned froro Charpy

impact Lest r âûd the actual service conditions ls

required. It is desirable to kno¡s the failure stress of

gray cast iron under lropact loading. In the experimental

study of this thesís, an effort. is made to develop a

series of lnstrumented impact tesÈs, in order to

inves ElgaËe Èhe faílure stresses of gray cast lron under

varying loading rates.
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CHAPTER 3

EXPERIMENTAL STUDY

3.1 Introduction

The purpose of the experimental study rras to

investígate the effect of loading raÈe on the fallure

strengÈh of gtay cast iron. In particular,

(1) How does the faflure strength of gray cast iron

vary with varylng loadíng rates ?

(2) How ls the failure strength of gray cast iron

aff.ected by the specfmen shape and specimen size?

(3) Is there any difference 1n impact properties

attributable to the change in the grade of gtay cast iron?

To answer these questions, a series of static and

impact tes ts on unnotched, U-notched and V-notched

specimens was performed according to the test program

shown in Table 4.

3,2 Material and Specl-mens

Two grades

obtaíned from a

castings were

diameter. The

gl-ven 1n Table 5

Four types

from the as-cast

glven in Flg. 9.

of gray casÈ

1oca1 foundry

cyllndrlcal bars

lron, ASTM G20 and G40, rdere

as specLmen materlal.

16 " in length and 1"

The

Ìn

chamical cornposlt,ion of Èhe castlngs is

of specimen, aLl tensile, \Jere machlned

bars. The dinensLons of the speclmen are
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GzO Gray Cast Iron

Carbon

( Carbon Equivalent )

Sfllcon

Sulfur

Phosphorus

Mangane s e

3 .59%

4 .29%

2 " 857"

o . o5"Á

o .0L"/"

0 .5"/"

G40 Gray Cast Iron

Carbon

( Carbon Equivalent )

Silicon

Nickel

Manganese

Sulfur

Phosphorus

3 .59:l

4 "29%

2.LO%

L .5%

o .57.

0.052

0.0r2

Table 5 Cheufcal Composition of Test

Matería1s provided by the

Foundry.
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3.3 Test Equlpment

The

Close loop

nachine.

The

static tensile tests were performed on a Gllmore

testlng machine and a Baldwin Universal testing

equlpmenÈ used for the impact tenslle test is

It consl-sts of a dropshown schematically 1n Fig.

weíght testing machine, an

and electronic measureûent

10.

anvil and load ce11 assembly,

ins trumenÈs. The various

components will now be described in some detail.

3.3.1 Drop I,Ieight Testlng Machine

The Drop l.ieight Tes ting Machine, as shown in

FÍg. 11, was designed and buÍ1t for the impact tensile

tests. It consists of a 50 pound drop weighE guided by

trrto cables of 0.3" in diameter. The test machine has a

maximum drop height of ten feeE, which could be equated to

a total energy capaclty of 500 foot pound with approxÍmate

maximum ímpact velocity of 25 feet per second. The

testing machine includes an electric hoist for positíoning

the weight aÈ any deslred height and a mechanism for

releasing iË.
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3.3.2 Load, Ce11 and Anvf-1 Asserobly

The cylindrÍcal specimen is held by tr{o steel cross

bars¡ ês shown in Fig. L2. Electrical resistance strain

gages on the upper cross bar make it a load ce11 or

dynamometer. The I^Jheatstone bridge cireuit, shown in Fíg.

13, contains four active gages mounted on the upper

crossbar. Excitation for the l.Iheatstone brldge círcult

was supplied by 6V D.C. battery. The steel anví1

assembly, shown in Flg. L4 , consísts of two para1lel

supporting bars mounted vertlcally on a L2" x B" x 3/ 4"

plate. It is fas tened rigid ly Eo the base of the drop

weight testing machÍne. The upper crossbar, or the

dynamometer, resËs on the supportÍng bars of the anvfl.

The specimen and the lower crossbar are suspended between

Èhe support,ing bars. The speclmen ls loaded Ín tensile

lnpact when Ëhe drop weight st.rikes Èhe lower crossbar.

3.3.3 Arnpltfter

A Rockland ModeI 432 TC operatl-ona1 anplifier, rvhich

provldes highly stable gain and very low noise and

distortlon, was used in Ëhe impact tests. The nominal

maxl-mum gain of the amplif ler is 100.
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3 .3 .4 I,Iavef orm Recorder

The l,lavef orn Recorder ls a specif lc class of

electronlc lnstrument using digital technlques to record a

preselected portlon of an electrlc slgnal as iÈ varies

rcith tlne. Thus, the wave shape durlng the selected time

period is recorded and held in the memory of the

lnstrument,.

A Bionat.fon, ì,rode1 805 waveforn recorder Í.ras used in

Èhe inpact tests. The output signal of the wheatsEone

bridge circuÍt was first anplified and then fed into the

\raveform recorder. I,Jh11e the informatíon was stored in

the memory of the waveform recorder, iÈ could be read out

by connecting an oscllloscope or a strip chart recorder.

A maxímum sampltng rate of 2OO KHz (minimum interval

of 5 psec) was used during the impact tests. 2048 samples

\rere taken on each record.

The trigger of the vraveform recorder was supplíed

from an external D.C. current, controlled by a micro-

swítch placed 1n the path of the falling weight.

3.5 Strip Chart Recorder

Pllkadeni Model B-107 strip chart recorder \{a s

used to obtain

of the waveforu

the final load-tlme record from the memory

recorder. Various chart speeds could be

mfn. to 60 cm per ml-n.used, rangl-ng frou 5 cm per

3

A
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3.4 Callbrarion of Èhe Test Equlpnent

The

Appendix A

The

callbraÈfon procedure l-s discussed in detail in

lnsErumented upper cross bar, used as a Ioad

cellr wâs calibrated. The electronic measuremenË sysEem,

lncluding the arnplífler, the rdaveform recorder, and Èhe

strip chart recorder was also calibrated to ensure the

accurate recording and measurement of the strain slgnal

during the impact tests.

3.5 Test Procedure

The t,est. program indÍcated in Table 5 was followed.

3.5.1 Statlc Tensile TesÈ

unnotched, u-notched and v-notched specimens of both
Gzo and G40 \{ere tested. As noted previously, the tests
\{ere performed on Èhe Gilmore closed-Loop testlng machine

and the Baldwin Universal testlng machf.ne.

3.5.2 Impact Tensile Tests

The following procedure was used in arl Èhe tensire
írnpact tests.

The cyllndrfcal specimen was

cross bars. Tr¡o nuts were used to
specimen to the cross bars, as

Fig. 12. the specimen and the cross

screwed fnto the

lock the ends of

pr evi ou s ly

bars rrere

shown

two

the

1n

posltloned
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on the anvll . A f ew layers of lead st rip Ìrere placed

between Èhe two supporting bars at t,he bottom of the anvil

fn order to absorb Èhe shock from the drop weight and

lower cross bar after impact fracËure. The drop weight
rd a s ralsed to Èhe des ired drop height.

In preparation for the acÈual loading, the

excftaÈ1on voltage of the I,Iheatstone Bridge clrcuiÈ was

checked and recorded.

Finally, the drop weight was released. It fe11 and

broke the specimen.

The force-Èime relat ion was automat ica1ly recorded

by the waveforu recorder durlng the impact test. The

oscí11oscope and strip chart recorder which \{ere connected

to the waveform recorder gave the final results to be

vl-suaLized and analysed.
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CIIAPTER 4

TESl RESULTS

4.L Results of the Static Tensile Tests

The results of the statÍc tensile tests on the

specimens with various grades, configurations and sizes

are sunmarized 1n Table 6 and Table 7 '

The data of the failure forces were obtained from

the force-elongaÈion records of the tests. The failure

stresses were the failure forces divided by the original

cross sectional areas of the specfmens'

4.2 Results of the InPact Tensile Tests

The results of the impact tensile tests were

obtained from the outpuÈs of the oscill-oscoPe and the

strip chart recorder. In conËrast with force-elongation

lnformation in the static Ëensile tests' force-time

information was provided during the impact test s '

4.2.1. Force-Tíme Record

Typical force-time records are shown in Fig. 15, 16

and 17. In these records, the most significant parameters

are the peak force value tn and the loading time TL' The

loadÍng Ëime T" is defined as the tlme required to load

the load ce11 from zeto to peak force value'

The lnterpretatlon of the force-time record is

dlscussed in detail in ChaPter 5 '

tìi:: ì

rit i,: :

ììr lti
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No u iameÈer Fal lure Force Fallure SEress
(PSr)

l{ean Stress
(P.5I)(rn) (rb)

Unno t c hed

(Zero Gage

Lengrh)

I
2

3

0"493
0.498
0.490

47 50

4600

4600

24,gg6
24,097
24,393

24 ,462

I 0.5 4300 21,900
U-nocched 21r750

2 0.498 4230 21,600

I 0.5 3800 19,387
V-notched L9,77O

2 0.5 3950 2Q , t53

Table 6

Static Test Results of G?.O Specimens

ÕF

\)
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k\Âtq$0BA
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No Di.aneEer
(in)

Failure Force
( rb)

Fallure Stress
(PSr )

Mean Stress
(pst)

Unno tc hed

(Zero Gage

LengËh)

I
2

3

0"496
0"490
0.496

7070

5950

6650

36,07 r
30,357
33 ,9ZB

33,785

I 0.5 6000 30,6r2
U-notched 30,101

2 0.s 5800 29,59L

V-notched I 0.5 5450 27,gOO 27 ,g0o

Unnotched
(Gage

Leng th
L = 2")

l* 0.503 4600 23 ,44O
27 ,006

2 0.5 6000 30 , 57 3

3 0.354 2900 29 ,4gO
29,gBB

4 0.354 3000 30 496

'r A large flaw \das found. fn the fracËure surface of this specfnaen,

Table 7

Stati.c Tes E Results of G40 Specimens
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Fig. 15 Typical Force-'-ime Record
Recorder (Impact Velocity

from Strip Chart
I2 f t/sec)
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Fig. I 6 Typical Force-Time Record
Recorder (Impact Velocity

from Strip Chart
24 f t/sec)
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Fig. 17 Typical Force-Time Records from oscilloscope
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4 .2.2. Impact Test Results of G20 Soecimens

G2o cylindrical specrmens - unnotched, u-notched and
v-notched - rùere tested to failure under varíous fmpact
vel0cftÍes, ranglng from L2 ft/sec. to 24 ft/sec. The

Èest resulÈs are summarízed Ín Table g and rable 9.
The stress terms in Table 9 and Table 10 were

calculated by dividing the peak force value rO by the
cross sectional area of the specimen. this value should
noÈ be srmply considered as Èhe failure stress of the
specimen wfthout further analysis.

4.2.3. Impact Test Results of G40 Specimens

Following the same format as that for Gzo specimens,
the test resul!s for the G40 specÍmens wlth dífferent
configurations and sizes are summa rrzed in Table 10 and.

Table 11 ' rn addition, Èhe impact test results of the
unnotched specÍmens wiÈh gage length L = 2- and dÍfferenE
dianeters are shown ín Table 10.
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Impact
Veloc1 Ëy V

(Ftlsec)

No Loadlng
Tine Tl
(M sec)

Peak Force
Value F p
(rb.f)

Stress
6:t

(KSr)

Mean
6*

(KSr)

Unnotched
Speclmens
wiEh zeto
gage leng th
(D = 0.5")

I

2

3

0.289 6 523 32. B4

36.348

34.50

L2 0.280 707 6 34 " 563

0.280 687 9

I 0"24 8L47 "2 40.696

43.77
I6 42 .233

2 0.23 8901"9

1

2

0.13 7 200 36,69
20 3s .925

0.15 6899 35 " 16

1

2

0 " 096 7 223

7s78

36"852

38 " 66

24 37 "7560.096

*
6 Noralnal stress, calculated by dlvidÍng F

speclmen.

by thep

cross sectional area of the

Table I rnpact TesE ResulEs of the unnotched Gzo specimen
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Irnpact
Velociry V

(Ft /sec)

No Loadlng
Tlne TL

(M sec)

Peak Force
Value F p
(rb.f)

Strese
6*

(KSr)

llean
6*

(KSr)

U-No ¡ched

Specluens

(D = 0.5")

I 0.28 5292 26 .9 66

L2 26.4L8 ,

2 0 " 28 507 7 25 ,87 I

1 0 .240 6468 .2 32 .96
L6 31.916

2 0.240 6058"5 30"872

V-Notched L O"Z7 5429"3 27.66

S pe c lmens

(D = 0.5')

T2 27.48

2 0.28 53ss.8 27 "30

r6

I

2

3

o .240

0 " 238

0.230

62L8 .6

5597,5

6140"0

3L.692

28.50

3L.29

30.493

¿

6 Noruinal stress, calculaüed by divfdfng

specfmen"

up by the

cross sectional area of the

Table 9 rmpact Test ResulEs of the Notched G20 specimen
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Inpact
Veloc f ty V

(Ft/sec)

No Loadlng
Tine Tl
(M sec)

Peak Force
Value F

P
( rb. f )

Stress
6i*

(KSr)

Me an
6*

(KSr

U-Notched

Specimens

(D = 0.5")

Zero Gage

Length

1 0.28 6843 "9 34"92

I'! 34.7

¿ 0 .27 6778"3 34. s83

16
I

2

0 .24

o .24

7 462

7 5L2

38.07

38.33
38 .2t

24 I 0"1 5350.3 27 .3 27 .3

Unno tc hed

(D = 0.5")

Gage length

(L = 2"\

I \ se00 30.05

L2 31"8:

2 657I 33.6

Unnotched

(D = 0.3s4")

Gage Leng t h

I 3382.3 34.387

L2 35"8,

2 3669 " 4 37 "3
(L = 2")

*
ó Nomlnal stress,

cross sectional

calculared by dividÍng tO by rhe

area of the speclmen.

Table 10 rropact Test Resulbs of the unnotched G40 speclmen
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Impa c t
Veloclty V

(Ft /sec)

No Loading
T lrue Tl
(M sec)

Peak Force
Value F p
(rb.f)

Stress !lean
6*

(KSr)
o*

(KSr)

U-Notched

Specimens

(D = 0.5")

I 0.28 7254"2 37"0r6

L2 36.19

2 0.28 693L.7 35.37

16 I o .23 7 089 .2 36 "L7 36 "L7

V-No t c hed

Specimens

(D = 0.5")

I 0.28 6522.r 33.28

L2 32 .92

2 0.28 6380./ 32.55

16 1 o .24 663 6 .7 33.862 33.86

¿
U Nomfnal stress, calculated by dividing F

s pe c imen.

by the
P

cross sectional area of the

Table 11 rurpact Test Results of the Nocched G40 specimens
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CHAPTER 5

DISCUSSION AND ANALYSIS

5.1. INTRODUCTION

ïhe procedure to a'.aryze resulEs of static tensile

tests 1s quite standardized. Howeverr ln analysis of the

inpact test results, the questlon of the system response

arises. Thís question relates to the validity of the test

result.s and must be resolved properly.

rn this chapter, the static test results will be

discussed first.

A rnethod employed to interpret the lmpact tesE

result.s wlth consíderation of the system response is

described. According Èo the analysts of the system

response and the test results, the l0ading rate effect to

the failure sËrength of gray cast iron will be discussed.

5.2 Discussion of the Statlc Test Results

rn the stat.ic Ëenstle tests, it was found that the

G40 castings r âs received from the foundry, did noE meet

the ASTM 448 standard. The average tens lle s trength of

the G40 specimens

experfrnental study

effect on fallure

sufflcient that the

of gray cast lron, ft rùas

provided a dlfferenÈ grade of

the G20 casÈlngs.

was 34 KSI. Since the purpose of the

lnvestigate the loadíng ratewas Èo

strength

cas tlngs

cast lron for comparLson with
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For both Gzo and G40 specimens, the failure stresses

of the notched specimens were found to be 1o l5 % less

than thaÈ of the unnotched ones. The difference of the

failure stress between u-notched and V-notched specl-mens

rras wlthin 8%.

No signiflcant size effect lras found from the

results of the static tests.

5.3 Dynamic Response of the Systen to Inpact Loadlng

It is known that staticaly, the load applied to the

speclmen is directly proportlonal to the deflectlon of t.he

load-ce11. However, during ínpact loading because of the

mass involves, the system (cross bars-specinen)

experiences a vibratfon which is superinposed on the main

tensile fracture pu1se. The deflectlon of the load-ce11

is not a simple functfon of the applÍed 1oad. rn order to

calculate the real fracture force of the specfmen from

the output signal of the load ce11¡ ân analytlcal method

ls used and described as fo1lorvs.

A slmplifÍed model of the test system is shown in

Fig. 18. K", 
". 

and C. are equlvalent stfffness constant,

mass and darnplng coefficient respectlvely. The anvil

whlch supports the cross bars-specimen systen is assuued

rigtd. F (+) is the input forcing funcrion whlch fs

assumed as a ramp force lrnpulse ln the impact tensile

tests.
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The mot.ion of the system could be described as:

The

Appendix B

analytical

A plot

(r)

equatlon

in terms

is given ln

of response

The four

aremax

aMti+CU+KU=peee
solutlon of thls

of the solution

ratio versus tine ratio is shown in Ftg. 19.

curves in Fig.19 represent the solutlons of the equation

corresponding to four different tine ratlos TR/TN. The

term TR ín Fig. 19 is the rl-se tlme of the ramp lmpulse,

and TN is the naÈural period of the vibration system which

is the cross bars-speclmen system in Èhe experíment. R(+)

ís the response ratLo, or dynarnic load factor, deflned

by:

R
d naraic res onse out ut of load ce11

(+) static deflection real force fnput,

The overshoot or undershoot values of R

measures of discrepancy which arise from using the

response to represent the råmp force impulse.

dynami c

since the time shlft betr^reen the maxÍmum values of

the ranp force irnpulse and the system response output is

very sma1l (usua11y less than 10 psec), the rise tlme of

Èhe ramp force impulse 1s considered roughly t,he same as

the loading time TL, which could be measured from the

force-time records of the inpact test s.
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The damplng of the

the peak value of t.he

decreases approxímately

lncreases from 0 to 0.5

system

system

L7" as

conÈrÍbutes

response.

very 1lttle to

The R valuemax

the danping coeff lcient

In analysis of the *r"* values,

the error caused by damping can be ignored.

rn order to assure the valldity of the iupact test
results, the natural frequency of Èhe cross bars-specfmen

system must be known. This rùas determÍned by impulse

Èesting in conjunction wlth a Dlgital Fourier Analyzer.

The fundamental frequencies of the systen were found to be

2.4 KHz and 5.6 KHZ before and after the breakage of the

speclmen respectlvely. The corresponding nat,ural periods

\Jere 0.42 msec and 0.18 msec respectively.

5.4 The Frequency Response of the Load Ce11

In additlon to the sysEem response to dynaraic

loading, the frequency response of the load cell \{as

checked to ensure that there would noË be any slgnifican!

distortion of Èhe outpuÈs from the load cell. rn the drop

weight tests, the tlme lnterval required for t.he travel of

an elas tic longi tudlnal between lower and upper cross

bar rdas calculated to

wave

be 10 Ltsec, and the transLt tlrne

interval of the elastlc stress wave reaching and passing

over the strain gage length rdas i.5 psec. Both of those

tiue lnEervals are much shorter than the shortest loading

:.:
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tine which rdas approximately 100 psec. since the

distortion due to the frequency response of the load ce11

depends on the ratio of the trave 1 time interval to the

rise tlme of the stress rdave, and as the value of this

ratlo rdas less than Lo% ln the experiuenl, Èhe distortion

caused by Èhe response delay of Èhe load cel-l can be

neglected.

5.5 Discussion of Èhe Impact Test Results

From the impact test results of both the Gzo and G40

specimens presented 1n chapter 4, it can be seen that the

peak force value of the force-ÈÍme records increases as

the impact veloclty increases from rz ft/sec to l6 ft/sec,

and then drops as Èhe impact veloclty increases further to

24 f t/sec.

The loading tlme TL is found to be approximately

proportional to the lmpact velocity regardless of the

shape and grade of Èhe specimen. The relationshlp between

lnpact velocity and loading tlme TL is plotted in

Ftg. 20.

Based on t,he data of natural period rN and the

loading time TR (TL ) measured from the iupact tes Ès, four

characteristfc response curves, corresponding to t.he

lmpact tests with four lnpact velocl-ties, were

constructed, as prevÍous1y shown in Ffg. f9.
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From Flg. 19, it can be seen Èhat as the lmpact

velocity increases, the ratlo of rR/TN decreases, and the

R value decreases. The R_-__ values of the impact testsmax max
with impact velocity of 12 fr/sec and 16 ft/sec are 1. o2

and 0.95. This tndicates that the use of load cell output

to represent the applted force may have 57" error, whlch is

considered accepÈable in most dynarnic testing cases.

However, the *rr* values of the tesÈs with impacÈ

veloclties of 20 ft/sec and 24 ft/sec rrere only 0.517 and

0.35, whlch fmplÍes that the output peak force values from

the load ce11 lrere 5L.77" and 35'/. of the input forces.

slnce the tesÈ system failed to respond to the lnput force

f althf u11y, the peak f orce values of the irnpact tests ¡slth

inpact velocitles of 20 ft/sec and 24 ft/sec are nor

considered as real fracture forces. one possÍb1e \{ay to

correcE this output force 1s to use the response ratio or

dynarnic load factor, as described previously. A real

fracture load may be obtained by dividing the peak force

value of the test by the corresponding response ratio. rf

the peak force v.alue of the force-time record is r00 rbf

and the corresponding response ratio of Ëhe impact t.est is

0.5, then the real fracture force may be considered 200

rbf. However, since the analysis of the sysÈem \ras based

on a nodel wfth slnplified assuüptions, the calculated

ratÍo R should be applÍed with some cautlon. Themax
hlgher the lnpact veloclty, the more signfflcanÈ is error

caused by thls method.
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Fíg. 2L and Flg. 22 show rhe loading rare effect ro

the fallure stress of the G20 and G40 specimens. The

solld lines ln the flgures show the experimental results

direcÈ1y from Tables 9 to 12. The dorted line in Fig. zL

shows the corrected values. rt can be seen that the

fallure stress in both G2o and G40 specimens with

unnotched, u-notched and v-notched conflguraÈions

increases as the loading rate increases. The failure

sÈress of Èhe G20 specimens increases 50:l bo% as the

ímpact velocity varies from zeto (sÈatic loading) to 16

ft/sec. The tesËs of the G4O specimens show a 2OT.

increase wf thln the sane range of the loading rates.

These tests results indicate that the Eensile strength of

gray cast lron clearly exhibÍts loading rate dependence.

In the st.atLc tensile tes ts the gray cas E l-ron

specirnens had an elongation at fatlure of less than LT".

All the specimens, statically and dynanically tested

failed wi Èhout any general plastic deformation. This is

mainly due to the fact that the graphlte in the casÈings

is present 1n flake form. Each graphite flake fs a stress

ralser, and the stress concentratlons occur aË Ehe

boundaries of the flakes causing 1oca1 plastlc

deformatlon. The plastic zones around the boundaries of

Èhe flakes are conflned by material which was only

e1astically. deformed. As the applted load continuously
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increases, the local plastlc defornatlon of the flake

Lncrases. l.lhen the stress reaches a 1eve1 that exceeds

the cohesive strengÈh of the matrix, the cracks form.

These cracks constitute further stress ral-sers and the

polnts of maxfmum stress nigrate wlth the ttps of t,he

cracks. Finally as the general level of stress lncreases

with lncrease of the load and wlth further decrease of the

effectlve cross-sectional area due to cracks, failure

occurs at an averåge stress very much 1or¿er than that

corresponding to the strength of the matrix under uniform

stress.

It is well known that loading raÈe senslttviËy, or

strain-rate sensftfviÈy ls a good indicator of the change

of defornation behaviours. The locar plastic deformation

around the graphit.e flakes of the gray castlngs could be

significantly reduced as the loading rate fncreases. Less

local plastic deformatlon occurs as the loading rate

lncreases r âfld therefore a larger load ís required to

fracture the specimen. Although it rdas not possible to

measure the e1-ongat f on of the speclmens dur ing the írnpac E

tes Ès, less deformat ion of Ehe specimens than tha E ln the

staÈic tests \fas expected.

Gtlbert [5] did a series of lrnpact tests to

lnvestigate the loading rate effect on the failure energy

of Èhe cast lron material. The results show that the
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Lmpact energy value decreases when the impact veloclty

decreases. Gllbert concluded the test resulÈs as follow:
"since plastie deformatlon is t,ime dependent it is Lo be

expected that fncrease in the speed of loadtng would

result in a decrease 1n the aûount of plastic deformaÈion.

Thls would tend to lower the impact value (energy) unless

there was a substanElal increase ln the sÈress of

fa1lure". The results of the rvork done in this thesis
nfght provide a supplemental explanatlon to Gilbert r s

results. Though the plastic deformaËion decreases as the

loading rat,e increases, the energy values could s tÍ11
l-ncrease due to the substantial increase in the stress at

failure.

5. 6 Not ch Size and Grade Effect

Gray cast iron is usually consldered as a

heterogeneous briËEle material. rn comparison to ductlle

materials, it has relatlvely low notch sensltlvity,
because even unnotched maÈerlal fs already permeated with

lnternal

The

stress raisers.

fuopact test results of the notched specimens

s trength

This may

nature of

rate effect on Èhe fallure

unnotched specluens.

indfcate that notch geometry does not change the

Lhe fallure of gtay cast lron naterial-.

show a slmilar loading

as wa s shown ln the
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Unnotched G40 specimens with differenË cross

sectional

Chapter 4,

areas were tes ted. From

size effecta

the data presented in

rùas observed in thegreater

than thatlmpact tests 1n the statlc tesËs. However the

number of the tests performed to sEudy size effect. was

inadequate and the results scattered wlthin relatively

wide ranges. The statement of the size effecÈ should be

justified by further experimental investlgatlon.

rt rras found thaE G20 gray iron showed a gr:eater

loading rate dependence on the failure strength than G40

gray cast iron did. rt could possibly be explained frorn

the deformability polnt of view. The addiÈional nlckel

component of G40 gtay iron reduces the sÍze of the

graphite flakes, l-ncreases the strength and hardness, and

sluultaneously reduces the deformabÍ1ity of the material.

This tends to make G40 gray iron less sensitive to the

loading rate effect than G20 gray iron.
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CHAPTER 6

CONCLUS IONS

6.1 Conclusions

Supported by a literaÈure survey and Lhe data

obtained from Èhe tesÈs described in thls thesis, the

followlng conclusions are made:

1. the equipmentr in particular the instrunented

drop wefght testlng machlne deslgned and constructed for

the experlment 1s satlsfactory for investlgatlng the

loading rate effect on the faí1ure strength of gray cast

iron within a certain l-mpact veloelty range.

2. The fallure strength of both rhe GZO and c40

gray cast iron shows loading rate dependence. The failure
strengÈh increases as the loading rate increases. The G20

gray cast iron shows great.er loading rate sensitlvíty than

the G40 gray cast Íron does.

3. Gray cast Lron was found to be essentially notch

insensitive under static, as well as impact loading.

6.2 Slrggestions f or Further Research

The test results presented in thls thesis show gray

cast iron is a loading rate sensftlve material. For more

meanlngful and accurate result s on thls aspect, some

experlmental nodlflcation could be made as follows:

1. rn order to obtafn valid force-time records

over a wider range of various loading rates, the test

systeú' in particular the load cell assembly, must be

modified by lncreaslng its fundamental frequency.
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2. The effort may be made to measure the deformation

It will provlde

more preclse

material under

of Èhe specimens during Èhe irnpact tests.
load-deformatl-on-time records, giving

descrlption 
:t rhe propertles of Ëhe

dynarnic loading.

3. The determlnation of the correct

a

value of failure
j:

:

:
::

aa

')

.l

)::

:

..

stress may depend on the precise measurement of the

fundament.al frequency of the tes t sys tem and the Èine

required to fracture Èhe specimen.

4. More tests for each type of roading condit,ion and

specimen eonf lguration are strongly suggested.
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APPENDIX A

CallbratLon of the Test Equipments

4.1 Calibration of the Instrumented Bar

As descrlbed in Chapter 3, the upper one of Èhe

two cross bars holding the cylindrical specimen was

lnstrumented as a load cell. statically, the bending

deflection as tndicated by the resÍstance change of Èhe

strain gages is dlrectly proportional to the force applled

on the cent.er of the bar. rn order to obtaln the force

values by measurlng the strain outpuËs of straln gages, a

calíbration fs required.

The statlc calrbratlon rdas carried out on the

Baldwin universal resting Machine. The insErumented bar

was sinple supported and was loaded at Èhe center of Ehe

span. Fig.23 shor¿s the results of the calibration.

The strain-load relation of Ëhe instrumented bar \ras

further verified by a dead weíght test. Durlng the dead

weight test, t.he instrumented bar was l-oaded wlth dead

weíghts ranging from 20 to 50 pounds. The resulÈs from

the test on the Baldwln universal testing nachine and dead

welght tesÈ were essentially identical.

slnce the lnsÈrumented bar always functr.ons wi thrn

the elastfc range and the stral-n rate effect on steel tn

elastic range ls negligfble, the use of sÈatically

calfbrated results in the dynamic test is thoughÈ to be

accepÈable.
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Caltbratlon of the Measurement Systen

The electronic measuremenÈ system includes a

amplifier, a IJaveform recorder and a strÍp chart. recorder.
Accurate meâsure'ent and recording of Èhe output signal of
the strar-n gages rf,ere ascertained by a systematlc

ca1íbration.

A saw-tooth slgnal supplied by a function generator

was fed to Ëhe anpltfler-!rave foru recorder strip chart

recorder system. The input slgnal r¿as chosen to simulate

the output slgnal of the load cel-l during the impacr

tests. e.g.
dv sar¿ tooth

signal
a dv

dt dt

v'peak saw toot¡ 1 V_--,- output sfgnal of Load
signal P"t* Celi at rmpact Test

where V voltage (rnv)

t - tfme (psec)

The inpuÈ saw-tooth signal and the output signaL of

the measurement, system f{ere monitored and recorded by a

multichannel osciloscope and a R.M.s. volÈmeter. By the

comparlson of these results lt rras found that the

measurement system has a amplification factor of 78.9

insEead of the nominal gain of 100 of t,he arnplifier.

There Ìras no significant dlstortlon of Èhe shape of the

slgnal. The good agreement of the outputs from both

oscilloscope and voltneter gives a measure of confidence

in the performance of the measurement system.

output signal of
Load Ce11 at inpact test.
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APP E ND IX

Response of a SDOF System to Rarnp Loading

..:::

Ut Pt

K B

Pt

f
UY t

A ramp load wtth rfse tfne a, as shown fs applted to

a damped sD0F sysEen Èhat rs at resÞ prlor t,o appllcatfon
of the load "

The equaLlon of moElon and fnltlal condi tlons are
t
t.

P o<t<r
r o r

¡tru+cu+ku (l)
0 t (tr

u
a

u
o

0
o

'wherê E¡ c, k Generalized mass, damplng coefflcfent and

respectlvely.

u

sÈlffness factor

- Displacenent

- Rlsing tiole of ranp

* 4" (Forced-Vfbratlon

t load.

Era)

6een to be

r
For 0 < r

The partic-llar solution Ís
CP P T

U
o + o

p ,)

E r
v kr r
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The complemenEary solution is given
-[ur t

as

U
n (Al cosort * A"sinodt)LOL

__--s_where u)

c
2

n

2

d

e

E-
m 2u/,

2
F)

n

w (ù
2

n
(1

Then U U +U
c

condltions U

(r) p

and with lnf rlal U
o

0

o

o

-Eo t CP P Ët¡ c
U t

o
(

n 1)(r) e n
t2r r

cos ûJdt + kr¡
d

t kr
\,r

o
:2. 

-kt r

PI
sincudt ] + o

kr r

It can also be r4¡riEEen in terms of the response

ratfo R

*(.)

-2ËÍt / T

u( r)
Po/k

2

t
ET-n

"or 1fÉ ¡42 ¡+
(2F 1)r tn L .t

s rn (ff--/FË' )e n n
lEE .-')2n/ l-å- t-rr n n

2
JI

a

L

t
(

n
) + t

t fr r
*(.) 

's
For t >

functlon of t, t.r, a, and

(Residual-Vibration Era)

response of SD0F syst.eu is

1

The free vibra È ion wi t h

lniEial conditíon

expresslon (ß).

The lni t ial

u (t r ) U (tr) or R (r.), å (tr) from

condiEÍons for the free vfbration era are
T

no_-t r

*
o

-2nEt /rg - r' n

, T

-r 

t, 2
cos(znlFïz f>+ '+n z n{Q,"

R n(rr) n
fit r

-?

osÍn(2nlL - E-
t 6r nf>l T. t +1

rn
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o*
R

o

o

- tf, 4A
T

n

-2 xt,t /r E,T
2

E

( È, )= e t n t"+ cos(zxffi r )+Tr n
2

2F 1).7'n
-1

sin(2n/L-¿-
t

g2"etr/Tn t
2 2

2 nlfF.? . t ftl +
rt t r

t 2 t

-?
Sin(2n/L-1" r )+ 2 +1

cos ( zrGl 2 +)l I
T t,

+
n r

*
are the response

res idual vibratlon

t
*o

where R and R

nr
raElo and its Eime

e rê-"derfvatlve

The

1n

equation of resldual vlbraËion (free vibraElon) of

SD0F is:
"*mu+
,r

where u 1s

ô* *
cu .| ku = Q

displacement

*

durlng resÍduaI vibratLon êEå¿
*

Using definirlon of R
u * o*

R
oÞ-lE ,andR and , the flnal

o
o

solution of the resldual vlbraElon can be expressed as
o*
R

o

*
R e +Jå.L lR*"o s (2n{Ç!2 +--, +

n

T + 2EnRnè(r)
2¡tn

-,

s in ( 2 nfrT* ,l-> I
n

(3)

(2> and (3 ) are Ehe solurions of eguarion (1 )

and resldual vfbratlon eras respectively"

A numberlal evaluatlon of expresslon (Z)

performed by a digltal computer. The plot of

prevlously shown in Ftg. Ig.

durlng forcing

and (3 ) was

the results Ís




