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ABSTRACT

The efforts made over the last three decades to understand fracture behaviour of structural materia in
dadic and dagto-plagtic fracture mechanics regimes are numerous, whereas investigations related to
fracture behaviour of materids in thin sheets or gross yidding fracture regimes ae limited in number.
The prevention of fallure in stressed structural components currently requires fracture mechanics based
design parameters like fracture toughness or critical crack-tip opening displacement. The present attempt
would am to fulfill this gap and generate more information thereby increased understanding on fracture
behaviour of sheet metas. In the present invedtigation, usng a recently developed technique for
determining fracture criteriain sheet metds, results are generated on fracture toughness and verified with
Finite Element andysis. At the end it is concluded that magnitude of fracture toughness of thin sheets
increases with increase in thickness, unlike that for thick plates.
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INTRODUCTION

In recent years, there have been congderable emphasis in the production of Degp Drawing and
Extra Degp Drawing (EDD) ged in indudries. The wide gpplications of EDD ded ae not only
well known for domegtic appliances like dorage containers, household utensis but adso for
automobile indudries for menufecturing car bodies. With increesing globd competition for
qudity materids, there is a need to underdand the fundamentds of crack initiaion in these bulk
products The characterization of thin shedts is presantly being done with the hdp of empiricd
engineering Imulative tests like Erichsen cup test, Olsen cup test and hole expanson test. The
principle of the above teds in genad, atempt to search for an enginering parameter which
indicates the mechanicd environment for crack initigtion and/or propagetion [1] under the
corresponding experimenta conditions for each of these tests. The event of crack initiation and



propagation is commonly dedt with usng fracture mechanics principles but o far little
atention has been paid in this direction.

OBJECTIVES

The inaufficdent dtention on dudies reaed to fracture behaviour of shest metds origiretes
from the fact that engineering maerias with thinner sections are not conddered as load bearing
gructurd pats. Only Liu and his coworkers [2-4] have suggested some guiddines to assess
fracture criteria of thin and tough plates of ructurd maerids The objectives of this Sudy are
(i) to present a Smple technique for obtaining fracture criteria of EDD ded dheds in line with
the dudies of Liu [2], Ray [1] and veify the same with FE andyss. (i) to examine the effect of
the variation of thickness of such sted sheets on their fracture criteria

BACKGROUND

The basc principle for obtaining fracture criteria of thin and tough sheets / plates according to
Liu and his co-workers [2-4] is rdaed to examinations of a grip necking zone whi ch remains
embedded ingde the plagtic zone ahead of a crack tip in a deformed specimen. The investigators
have contended that such grip necking phenomenon is governed by the raio of the plastic zone
sze ad the plae thickness (B), and thus a physicd parameter (K/ S,)%/B controls the
occurrence of crack tip necking. The parameter henceforth will be referred to as the drip
necking parameter. In addition, Liu [2], and Liu and Kuo [4] have observed thet the crack tip
opening displacement in the drip necking zone is equd to the thickness contraction. This
observaion led them to conclude that the thickness contraction a the crack tip is equd to the
crack tip opening digplacement (CTOD), which in turn is rdaed to the dress intengty factor.
Thus, a neasurement of the thickness contrection a the criticd point of surface crack initiation
leads to the assessment of a fracture criterion for thin and tough sheets and plates. But these
invedigetions have not indicated any rationde for detecting the crakk initistion event.

METHODOLOGY

The delemination of fracture criterion for thin sheets in the presat dudy was made usng
compact tenson type specimens as per ASTM dandard E399-91 [5] and with the help of a
fabricated grip. The various tests are corducted to summarize the results.

SPECIMEN PREPERATION

Specimen is fabricated according to ASTM sandard E399-91 [5] by wire dectric discharge
mechining to maintain the exact rdationship between dl the dimendons The configuration of
the test gpecimen is shown in FHg.l. The specdmens were ground with emery papers following
1/0 (coarse), 2/0, 3/0, 4/0 (fine). These were then polished firg usng dundum and findly using
0.25nmm diamond pagte. The mechanica grip was fabricated suitable to the Universal Teding
Machine



METALLOGRAPHIC AND MECHANICAL TESTS

The compodtion of the investigated ged is given as (C-0.06, Mn-0.38, S-0.03, P-0.017, S-
0.05, Fe-Bd., dl in waght %). The microdructure of the maerid reveded farite plus pearlite
(~5.1%), and the average ferrite gran Sze was found to be 7.2nm. The average tensle
properties of the materid were as follows yidd drength (Sy) = 355.9MPa, ultimate tensle

drength = 387MPa The average hardness of the sed in the Rockwell-B scale was obtained as
71.3.
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Fig.1. Geometry of the test specimens used for determining fracture criteria of thin sheets.
(W=24mm, B =118-1.69 mm, N1=0.8 mm, and N2 =0.2 mm, a= actud crack length,
m = mgor dot)

FRACTURE TEST

The fracture tets were caried out usng an Insron (Modd 4204) Universa Testing Machine
with a loading rate corresponding to the congtant crack head disolacement of 0.2 mm/min a the
room temperature of 300K. During such tests, the magnitude of load and displacement were
recorded together with time. It was obsarved that load dropped a a paticular instance during
such a test, when butterfly-sheped surface cracks initisted. At that indance of time the loading
of a specimen was discontinued, and the specimen was taken out for subsequent measurement
of CTOD and andyds of dternate fracture criteria Four specimens with thickness 1.18, 1.58,
164 and 1.69 mm were teded. The detalled dimendons of the soecimens together with the
critica loads (Pc) a the point of crack initiation obtained during their tests are givenin Table 1.

Tablel.
Dimensons of the tested specimens and the Maximum Load (P.) ataned During the Fracture

Teds.

Specimen Thickness Crack Length Critical Load
Code B (mm) a (mm) P. (kN)
S1 118 1016 114
Y 158 1015 1829
3 164 1022 1773
A 1.69 10.16 1855




ESTIMATION OF FRACTURE TOUGHNESS

The critical crack-tip opening displacement during the loading consds of dasic CTOD (ck)
plus plastic CTOD (dk) following report of Y ou and Knatt [6].

CTODc=d = de+ o (1)
e = [K*(1-1A)] /4SS E @

where, the dadic modulus (E) and the Poisson’s raio (U) were taken as 211 Mpa and 0.33,
respectively. However, to know the value of d. the magnitude of dress intengty factor K needs
to be estimated. The vaue of K isfound from the Dugdae modd [7] using the rlaionship:

G = K?/E =S,.CTOD (3)
where, G = drain energy

The CTOD is teken as d,, esimated with the help of an opticdl microscope and subdtituting this
vaue in equaion (3), the vdue of K is determined. Now the value of K gives the vdue of d,
which on aubdtitution in equetion (1) gives the vdue of citicd CTOD (d). Now the criticd
drain energy isgiven by

G. = CTOD.:. Sy = d. S ()]

and subsequently the vaue of fracture toughness K. iscaculated by:
Ke = dGc . E) (5)

FINITE ELEMENT FORMULATION

The same dudy was smulaed in ANSYS program udng same dimensons maeid and
loading gtuation. The crack-tip deformation congds of dadic deformation and pladic
deformation. Elagtic deformation is based on linear andyss and plagtic deformation is based on
nortlinear andyss.

SOLID MODELLING AND MESH GENERATION

A block is modded with the dimensons as par ASTM gandard, however one axes symmelry is
conddered for mode | type loading. Materid properties are incorporated for lineer & nonlinear
andyss.

The solid modd is then discertized into number of dements and nodes by automatic generation.
Meshing is graded from fine a the crack-tip to coarse a@ the solid boundary. The dement is
defined by 20 nodes having three degrees of freedom per node trandations in X, y, ad z
directions. The dement has pladicty, dres diffening, lage deflecion and large dran
capabilities The mogt important region in a fracture modd is the region around the edge of the
crack. A prism shgped dement may be formed by collgpsing the top plane of a brick eement
dong the surface diagond. To pick up the gngulaity in the dran, the dements around the
crack-tip should be quadratic, with the mid-side nodes placed a the quarter postions. Such an
dement cadled asasngular dement was derived by Blackburn [8].



LOADING AND BOUNDARY CONDITIONS

In experiment, pins are insarted through the hole and are held through grip by the jaws of
Ingron mechine To smulae the practica gStuaion, a the top of a cylindricd hole a line is

defined and the totd load is digributed dong the line. To smulate the support condition, dl the
bottom face nodes are redtricted for x and y direction movement.

LINEAR ANALYSIS

In this andyss, quarter shifting of the mid node is done to get Sngularity effect. For a particular
poecimen rdated criticd load Pc is goplied and the node of maximum displacement is located.
For the paticular node, ‘g’, the angle made by the direction of maximum displacement with
crack plane and the dress vaue, dther s, or sy is noted. Then following the basic equetion (5),
the exact vdue of K iscaculated.

sy = K /(2pr)Y?cosy2 (1- Sng2 Sn3q/2) + ...
sy = K /(2pr)“?cogy2 (1+sing/2 Sn3g/2) + ... (5)

where, r is the radius of the node from the crack tip. Now subdituting vaue of K in equation
(2), thevdue of dadtic deformation d. isdetermined.

NONLINEAR ANALYSS

Hladic-plagtic finite dement andyds can be conddered as an extenson of dadic andyss by
incorporating extra conditions pertaining to nonlinear pladicity conditions The dadtic-plagtic
finite dement andyss was caried out by Gdoutos & d [9]. Nonlineaity indudes maerid
nonlinearity and geometric nonlinerity. The dadic-pladic  process requires a  continuous
asessment of dress and plagtic drain a dl points of the sructure as the gpplied load increases.
Hence the load is goplied in sequence of rdaivey smdl increments, and within eech Sep
checks on dress and equilibrium are made. As the loading garts, the program garts to iterate the
dress above the yidd dress to condder the pladic effects The whole nonlinear cune is
conddered to condst of number of draight lines, each being desgnated as a load gep. With the
help of this andyds, the vaue of plasic CTOD d, and crack-tip necking dh, is determined & the
same node congdered in linear andysis to find the vaue of K. The vaues of de and d, givenhby
FE andyssare used in equation (1), (4) and (5) to find fracture toughness.

Table2
Comparative Assessment of Experimenta and FE Results onDifferent Fracture Parameters

Specimen | Thickness Crack-Tip Opening Displacement Fracture ToughnessK,

Code B CTOD.(d MPanT'2

No. (mm) (mm)

Experiment FEM Experiment FEM
S1 118 0631 0640 2115 2128
2 158 0699 0712 2226 2244
3 164 0.778 0.783 2348 2354
A 169 0945 0843 2588 244.3
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Fig. 2. Vaiation of Fracture Toughness for EDD (0.06%) Sted Sheet

CONCLUSIONS

1. Thevaiaion of dand K. with the thickness of ded shedts are given in Table 2. and Fg 2
Fgure 2 indicates that the trend of the presant results by experiment and FE andyss is in
agreement with those obtained by Liu [2], and in both the reports the magnitude of fracture
toughness of thin sheets increeses with increese in thickness, unlike that for thick plates as
reported by Brown and Srawley [10].

2. Ore of the key obsarvaions in this Sudy is the detection of the crack initiation in thin
gheets from the phenomenon of load-drop, as illusrated with the help of Fig. 6. The detection of
this event diminates the daborate effort required by Moaire fringe technique for the estimaion
of CTOD. (=d) and replica technique for the estimation of crack tip contraction dy, [2-3] because
CTOD. can be amply estimated with the help of an optical microscope.

3. The plagic zone sze for dl the teded sheets extends upto the ligament boundary of the
specimens,

4. The amount of crack-tip necking could be determined by FE andyss, which otherwise a
difficult task to messure,

REFERENCES

[1] Ray, K.K. Fracture Criteria of Degp Drawn Sted Sheats  International Journal of
Fracture, 70: R3-R8 (1995).

[2] Liu, HW. Fracture Mechanics of Ductile and Tough Maerids and its Applications to
Energy Reated Structures. Martinus Nijhoff Publishers, The Hague (1981) 189-198.

[3] Liu, HW. and Ke, J.S. Engineering Fracture Mechanics 8 (1976) 425-436.

[4] Liu, HW. and Kuo, A.S. International Journal of Fracture 14 (1978) R109-R112.

[5] American Society for Testing and Materids, E399-91, Philadel phia, PA (1991).

[6] You, C.P. and Knott, J.F. Fracture and the Role of Microgtructure, 1, K.L. Maurer and
F.E. Matzer, Chameleon Press Ltd., London (1982) 23-29.

[7] Dugdale, D.S. Journal of Mechanics and Physics of Solids8 (1960) 100-108.

[8] Blackburn. On the Use of Sngular Finite Elements in Linear Fracture Mechanics,
International Journal for Num. Methods in Engg., 10: 25-37 (1976).

[9] Gdouts E.E. and Papakalitakis G. Crack Growth Initigion in Eladic-Plagtic Materids.
International Journal of Fracture, 32: 143-156 (1987).

[10] Srawley, J.E. and Brown, W.F. Fracture Toughness Testing and its Applications ASTM
STP No. 381, Philadelphia, PA (1975) 133-198.



