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ABSTRACT

Collapse stresses of flawed structural steels were predicted by a
two failure criterion model based on plasticity 1imit Toad theory and
tinear elaslic fraclure mechanics. The fracture behavior of wrought steel
specimens could be characterized by either the 1imit Joad (LL) or fracture
toughness (FT) failure criterion. The controlling failure criterion depended
on the tensile strength (S ), fracture toughness (K ), and section size {W);
or more explicitly, on the magnitude of K_/S /N. L6w values of K /S VW
resulted in FT controlled fracture; wherefs,“larger K /S /W resultedYin
LL controlled fracture. The boundary separating the twoYfailure criteria
was dependent on geometry and crack length.

The two failure criteria model was extended to characterize the
fracture behavior of AB14/E170 structural steel weldments containing in-
complete joint penetration discontinuities. A514/E110 weldments had large
K /S YW values; consequently, the LL failure criterion characterized the
fhacturc behavior of those weldments containing flaw widths greater than a
certain width, 2a”. Flaw widths smaller than 2a" resulted in collapse
stresses approximately equal to the tensile strength of the base metal,
and flaw widths less than another size, 2 a' resulted in base metal fractures.
The flaw widths 2a' and 2a" depended on the degree of weld metal overmatching.
Deformations at collapse were predicted for flaw widths greater than 2a" by an
expression which included the J-integral fracture toughness and the LL failure
criterion.

The proposed two failure criteria model did not include corrections
for subcritical crack extension or crack-tip plasticity. When subcritical
crack extension was considered, one of three possibilities resulted depending
on the tearing modulus (T) and the body's dimensions: (1) there was no effect,
(?) the controlling failure criterion changed from LL to FT, or (3) fracture
occurred by stable tearing. Incorporating small-scale plastic zone corrections
into the model resulted in a slight increase in the KC/S /W boundary separating
LL from FT controlied fracture behavior. u
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1. INTRGDUCTION

1.1 Statement of the Problem

Linear elastic fracture mechanics {LEFM) is the accepted means for
characterizing fracture of brittle materials. Brittle fractures occur
with negligible plastic deformation and at loads (or stresses) well below
the yield strength of the material. The ductile materials commonly used
in engineering applications usually fracture at loads beyond the yield
strength and then, only after extensive plastic deformation has occurred.
Fracture loads of these high toughness materials often cannot be success-
fully predicted by LEFM for the section sizes in common usage.

Attempts to characterize ductile, post-yield fractures using elastic-
plastic fracture mechanics analyses have met with varying degrees of suc-
cess. One of the most promising of the elastic-plastic analyses is the
J-integral proposed by Rice [1].* Experimental results have demonstrated
that the J-integral can be used to measure the plane strain fracture tough-
ness of ductile materials undergoing elastic-plastic deformation [Z, 3].

The J-integral, therefore, is beljeved by many to provide a single parameter
characterization of post-yield fracture. The J-integral has recently been
investigated as a method of characterizing stable crack extension in ductile
materials. Crack extension by stable tearing has been proposed by Paris et
al. [4] to be dependent on a tearing modulus of the material which is deter-
mined from a J-integral crack extension resistance (R) curve. Crack exten-
sion by stable tearing is believed to proceed until the crack becomes unstable

and rapid fracture commences.

*The bracketed humbers correspond to references Tisted at the end of
the text.



Investigations by Lawrence and Cox [5, 6, 7, 8] and Dowling and
Townley [9] have shown that ductile fracture can be characterized using
a two criteria approach based on fraéture mechanics and plastic Timit load
analyses. The fracture toughness (FT) failure criterion states that frac-
ture will occur whenever the crack tip stress intensity exceeds the material‘s
fracture toughness. The 1imit Toad (LL) failure criterion states that frac-
ture {or collapse) will occur when the load on the uncracked ligament reaches
the 1imit load of the body. The 1imit load is the maximum load that a body
can sustain without undergoing unlimited piastic deformation. The maximum
Tcad or collapse stress that the body can support is the lower value pre-
dicted by the two failure criteria.

This investigation will explore the feasibility of characterizing
ductile fractures in a variety of steels using the two failure criteria
model. Experimental data from wrought steel specimens containing planar,
through-thickness cracks will be compared with the collapse loads predicted
using the two criteria characterization of fracture. The two criteria model
will then be applied to structural steel weldments containing through-
thickness, planar flaws. Before presenting these experimental results, how-
ever, a discussion of LEFM, J-integral, stable tearing, and limit Toad the-

ories will be presented.

1.2 Linear Elastic Fracture Mechanics (LEFM)

Notches and cracks introduce severe stress concentrations in stressed
bodies. The stress magnitude near a sharp crack in an elastic body depends

upon the stress intensity factor (K):




where: Y = a geometry related factor
S = the externally applied stress
a = the half crack length

Fracture occurs in elastic bodies under plane strain conditions when-
ever K attains the critical value necessary for crack extension (KIC)' The
value of KIc is veferred to as the fracture toughness of the material. This
value of K can also be derived from the critical strain energy release rate
(GIC) which, in turn, may be determined by considering that the release of
elastic potential energy during crack exlension is egual to the work neces-

sary to form two crack surfaces. For plane strain, the relationship between

KIC and GIC is:
LG
2 - Ic
KIC T o7 (2)
where : E = Young's modulus

Poisson's ratio

H

AV

The use of LEFM to predict the fracture loads or fracture crack tengths in
brittle materials is well establiished and a standard ASTM test method [10]

for measuring KIC has been defined.

1.3 Post-Yield Fracture Mechanics

Linear elastic fracture mechanics is applicable to ductile, high tough-
ness materials only when the section sizes are so iarge that any plastically
deformed region is small compared to the thickness and crack Yength {117.

The section sizes normally used in engineering applications permit large
scale plastic deformation to occur prior to fracture and the fracture loads

(or stresses) are generally well above the yield strength of the material.



McClintock and Irwin [12] developed a technique for extending LEFM
for small-scale, crack-tip plastic deformation. For this case, the crack
Tength used in the LEFM analysis is increased so as to reflect the size of
the crack-tip plastic zone by adding the radius of the plastic zone (r) to
the actual crack length. The radius of the plane stress plastic-zone adjust-

ment was estimated by the equation:

K 2
- 1| I
r —ZW[S ] (3)
Y
and for plane strain:
¥ 2
R
‘"“sﬁ{s ) (4)
¥
where: Sy = the uniaxial yield strength

Tnis extension of LEFM analyses breaks down as the plastic zone in-
creases and becomes large in comparison to the crack length and body dimen-
sions. To characterize these latter post-yield fractures, more complex
elastic-plastic fracture mechanics analyses have been proposed. One widely
used'e1astic-p1ast1c analysis is the J-integral. The J-integral is a path

independent integral equation proposed by Rice [1] for non-iinear elastic

materials;:
—
_ +  Suy
J = wdy-T-st (5)
where: T = any contour surrounding the crack tip in a counterclockwise
direction e
_ mn
w = the strain energy density = g, . de; .




+ -~
T = the tractions on the integration path, T = %5 r\:j
ﬁj = a normal vector to T
-

u. = a displacement vector

-y

ds = an jincrement of length along T

The J-integral concept is similar to the G, criterion for fracture; i.e.

Ic
J may be considered to be a measure of the difference in potential enerqy
between two identically Toaded bodies having slightly different crack lengths.
The relationship between potential energy and crack length is not readily

apparent from an inspection of Eq. 5, howaver, Rice [13] has shown that the

J-integral can also be expressed by the equation:

18y

o) (6)
where: U = the potential energy
R = the specimaen thickness
v = the number of crack tips
a = the crack length

The development of the J-integral was based on non-linear elastic
material behavior, but J is also believed to be applicable to elastic-
plastic behavior [Z2]. Consequently, the critical value of J for plane
strain conditions (JIC) is equivalent to G and can be transformed into

a stress intensity factor by the equation:

EGIC EJ

3 _ = Ic
KIc N RV Y (7)

Experiments conducted by Begley and Landes {2, 3] and Sailors [14] have
shown that the fracture toughness measured from small specimen J-integral

tests is the same as the fracture toughness measured using large KIC specimens.



The first J-integral measurements required tests of several specimens
having sTightly different crack lengths from which values of J were
graphically determined. A subsequent analysis of the J-integral by Rice

et al. [15] produced a method of measuring J using a single specimen. This
single-specimen method was used to measure the critical values of J in both
the wrought and welded steel specimens considered in this investigation.
Fracture loads predicted using Egs. 1 and 7 tend to be unconservative and
often exceed the material's tensile strength. Consequentiy, alternative

methods of characterizing post-yield fracture behavior are needed.

1.4 Ductile Tearing

Slow, stable crack growth in structural materials by tearing has
recently been studied by Paris et al. [4]. A tearing modulus (T) based on
J-integral crack-extension resistance (R) curves was proposed as a measure
of a material's stable tearing properties. A typical J-integral R-curve is
shown in Fig, 1. As can bhe seen, the first amounts of crack extension are

the result of the crack tip blunting (which is proportional to J):

PO|

A2 2 gJ— (8)
[s]

where: S0 = the tensile flow stress

Beyond a certain value of d (JIC), however, stable crack extension occurs
as indicated by the curve marked “Stable Tearing." The slope of this curve

is used to calculate the tearing modulus of a material using the expression:

. ddJ E

.

“da S

T (9)

2
0



where:

o}
It

Young's modulus

[ %3]
1

the tensile flow stress

The tearing modulus (Eq. 9) is a temperature independent constant for a
given material provided stable tearing is the mode of crack extension.
Paris et al. have indicated that crack extension by stable tearing is
dependent on both the geometry and the dimensions of the body. Final
fracture by unstable crack extension was proposed to occur whenever T was

less than certain body dimensions for a given geometry.

1.5 Limit Load Analyses

The limit load is the maximum load that a body can withstand without
undergoing unlimited plastic deformation or fracture. Limit Toad theory
was first developed for a perfectly plastic continuum by Drucker, Prager
and Greenberg [16]. Determination of the exact 1imit load expression for
an engineering component is generally not possible because the stresses
and strains in a body undergoing plastic deformation are usually not known.
The exact 1imit load solution requires that the stress-strain relations,
the strain-displacement relations, the equilibrium equations and the yield
criterion be satisfied simultaneously. For this reason, upper and Tower
bound approximations are used to freat difficult 1imit load problems.
Theorems have been established for calculating upper and Tower bounds based
on rigid-plastic material behavior [17].

The lower bound theorem states that a body will not collapse or will

be just at the point of collapse if an cquilibrium distribution of stress



can he found which balances the applied load (equilibrium) and is helow
or at yield at all points in the body. The Tower bound theorem provides
a method of determining the 1imit Toad without knowing the exact stress
distribution.

The upper bound theorem stafes that the body will coliapse or will
have colliapsed previously whenever a deformation mode can be found in which
the rate of work done by the external forces equals or exceeds the rate of
internal energy dissipation. More specifically, an upper bound for the
Timit load is attained when the body is loaded such that displacements can
be found (with no change in volume for metals) satisfying the displacement
boundary conditions and such that the resulting plastic work done throughout
the body is less than the work done by the external loads acting through the
assumed displacements. The assumed displacements need not be the actual dis-
placements.

The difference in collapse loads predicted using the upper and the
Tower bound limit load theorems is an indication of the error present in
applying these approximations to a problem. The exact 1imit Toad solution
provides coincident upper and lower bounds.

The Timit load theorems assume a continuum which exhibits elastic-
perfectly plastic or rigid-plastic stress-strain behavior. Elastic-
perfectly plastic stress-strain behavior is illustrated in Fig. 2 by the
curve labeled "idealized material." This idealized behavior has a tensile
flow stress (SO) which was equated to the tensile strength (Su) of the real
material. Limit load solutions based on the ultimate strength of a material

have the potential of being unconservative, hence a lower flow stress should

be chosen for design purposes.



The design of structures which may contain cracks must also consider
the multi-axial state of stress at the crack tip. The onset of plastic
deformation in a multiaxial stress state occurs only when the magnitude of
the stresses meet the requirements of a yield criterion. For uniaxial ten-
sion, plastic deformation begins when the applied stress is equal to the
yield or flow stress, i.e. when § = Sy' However, for multiaxial stresses,
the onset of plastic deformation occurs when a yield criterion is satisfied,
and for isotropic materials, the yield criterion depends on the invariants
of the stress tensor.

The Tresca yield criterion states that plastic deformation begins when

the maximum shear stress, <t s is equal to the flow stress in shear. The

max

maximum shear stress is equal to half the difference between the maximum and

minimum principal stresses:

T =——§—”'" (]0)

where G1s 0o and 03 are the principal stresses in decreasing magnitude. As
previously stated, plastic deformation in uniaxial tension (S = Oys 0, = 0q = 0)

occurs when oy = Sy, consequently, the shear flow stress T is given by:
S
To = Tpax = B " o (11)

For the idealized material behavior shown in Fig. 2, plastic deformation,

as determined by the Tresca yield criterion, will commecnce when:

(%2}
[¥2]

‘o © 7?': 7¥_ (12)

A second yield criterion, known as the von Mises yield criterion,

states that plastic deformation will occur whenever:



10

672 = (gy = 0,)° * (0, - 05)% + (05 - 07)° (13)

For uniaxial tension (01 = So’ Oy = 0Oy = 0) plastic deformation occurs
whenever
S S
r =20.u
V3

0
0 (14)
where SO = Su for the idealized stress-strain behavior shown in Fig. 2.

The Tresca and von Mises yield criteria will be used extensively in
calculating the 1imit Toads{or collapse stresses) of the specimen configur-

ations used in this investigation. The range of collapse loads predicted

by these yicld criteria will be compared with experimental values.

1.6  Two Criteria Characterization of Ductile Fracture

A two failure criteria characterization of ductile fracture has recently
been considered by many investigators including Lawrence and Cox {5, 6, 7, 8]
and Dowling and Townley [8]. The concept is simple: failure occurs at the
lower of the two loads {or stresses) predicted by the FT and LL failure cri-
teria. The behavior of full-size structures can he readily determined based
on their geometry and the results of small specimen tensile and fracture
toughness tests. This two failure criteria model is easily adapted to design
and engineering.

The fracture toughness (FT) failure criterion is derived from Eq. 1.
Fracture by this failure criterion occurs only when crack tip plastic defor-
mation is small and when the stress intensity factor (K) attains the critical
value, KIc (for plane strain), which is the fracture toughness of the material.
The fracture {collapse) stress for a given geometry and fracture toughness is

consequently calculated using a rearranged version of Eq. 1:
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K
S (15)
m Yyma
where; S; = the collapse stress

a geometry related factor

The fracture toughness, K, _, must be determined for each material and Y

Ic

must be evaluated for each geometry.
The limit Toad failure criterion is used to determine the collapse
stress at which the plastic deformation is not contained in the body.

The expression for the LL failure criterion (in terms of gross section

stress) is:

S = 2T0 F (16)

where; Sm - Lhe collapse stress
F = a geometry related factor
The collapse stress for the idealized stress-strain behavior shown in
Fig. 2 can be determined using either the von Mises or Tresca yield eriteria
given in Eqs. 14 and 12, respectively. For the von Mises yield criterion,

in the presence of biaxial tension (62 = %Ol, oy = 0) collapse occurs when:

2

I
2T0 = E.JO /S—JU (17)
and the LL collapse stress is given by:
M_ 2
S = S F (18}

As will be shown, the two criteria characterization of ductile fracture
is a concept that can be applied to many practical problems including weld-
ments. For the present, however, consider a homogencous continuum having

the idealized stress-strain behavior shown in Fig. 2. The two criteria model
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of ductile fracture behavior will be illustrated for the center-crack tension
(CCT) and compact specimen (CS) geometries. Three-point bend (3PB) and four-
point bend (4PB) specimen geometries were also used in the wrought steel tests.
The collapse Toads predicted using the LL and FT failure criteria for these
specimen geometries are discussed in Appendix A.

The limit load for the CCT specimen geometry, was determined by McClintock

[18):
PL = 210 B(2W - 2a) (19)

where: B

the specimen thickness

It

ZW = the specimen width

By rearranging Eq. 19, the gross section stress at collapse is given by:

P -
_m a
Sm = 7/ < 2T, (1 - W} (20)

which becomes a failure criterion when the shear flow stress at fracture is
replaced by either the von Mises or Tresca yield criteria given by Egs. 17
and 12, respectively. That is, the collapse stress predicted using the von

Mises yield criterion is:

M_ 2 a
Sm = Vs Su 1. M {(21)

and similarly, the collapse stress using the Tresca yield criterion is:
s 1.2
S Su[l w] (22)

The curves corresponding to the von Mises and Tresca values of collapse
stress are shown as solid lines in Fig. 3. The region between these lines
is labeled "Limit Load Failure Criterion" to illustrate the range in collapse

stress predicted by the LL failure criterion.
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The collapse stress curve predicted by the fracture toughness failure
criterion for the center-crack specimen geometry is given by the equation:
K K

Ic
5= L3 (23)
il .(wa)%[sec %%Jz

This curve in Fig. 3 is labeled "Fracture Toughness Failure Criterion®
and is shown crossing the region labeled "Limit Load Failure Criterion.”
The value of Sg is dependent on KIC’ a and W, whereas Sg and S; are dependent

on Su, a and W. Consequently, as Su’ W and K;_ change, the values of Sm

Ic
also change and the intersection between the LL and FT failure criteria may
be eliminated completely so that only one failure criterion prevails. For
the case where an intersection does occur, as shown in Fig. 3, the collapse
stress will be predicted by the failure criterion with the lower stress.

Here the LL failure criterion characterizes fracture for the smaller values
of a/W and the FT failure criterion characterizes fracture for the larger
values of a/W. The transition from one failure criterion to another occurs
st

The second illustration of the two failure criteria characterization of

(approximately) whenever S

ductile fracture will use the compact specimen geometry shown in Fig. 4.
Since an exact 1imit Toad solution does not exist, upper and lower bound
solutions determined by Rice {19j and Ewing and Richards [20], respectively,
are shown. The von Mises and Tresca yield criteria are indicated on both
the upper and lower bound solutions. To be conservative, the lower bound LL
solution of Ewing and Richards was chosen and will be used to analyze the

wrought steel results presented later. The Ewing and Richards LL expression is:

_ a a
P = {211 + N W]} (210) BW (24)
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which, when rearranged, and the von Mises yield criterion (Eq. 17} inserted

for the flow stress, the collapse Toad is:

p 1
L _ a,? a., b2
_B'W' {‘/2_[1 + w} = {1 + N]}

3

S, (25)

and for the Tresca yield criterion (Eq. 12) the collapse load is:

P 1

L a.” a

BN {211 +W] -1+ W]} . Su (26)
When the FT failure criterion is used to predict the collapse load

in a compact specimen, the collapse load is given by:

P, K
K. Ic (27)
B vy

where Y is the compliance function for a compact specimen given in the ASTM
standard KIC test method [10].

The relationship between the two failure criteria for the compact
specimen is shown in Fig. 4. Whenever the LL failure criterion predicts
a lower collapse load, it will dominate fracture as is shown for the smaller
b/W values. Similarly, fracture will be characterized by the FT failure
criterion when it predicts the lower load value; this is indicated for the
larger b/W values. The intersection and relative locations of the two failure
criteria are dependent on the specimen dimensions and the material's tensile

strength and fracture toughness.
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2. CHARACTERIZATION OF DUCTILE FRACTURE IN WROUGHT STEELS

2.1 Background

The feasibility of using 1imit load and fracture toughness failure
criteria to characterize the fracture behavior of wrought steels will be
demonstrated in this section. Experimental data {2, 3, 14, 21, 227 for
a wide variety of structural steels of various strengths and fracture
toughnesses have been collected and reanalyzed. These data were obtained
from J-integral fracture toughness tests using compact (CS), three-point
bend (3PB) and four-point bend (4PB) specimens. Only experimental results
reporting both the collapse loads (maximum load values) and J-integral frac-
ture toughness values were reanalyzed. The critical K values determined
from the J-integral tests have been denoted KC to distinguish these values
from the ASTM E399 [10] fracture toughness KIc'

The steels and the specimen geometries considered were:

Steel Specimen Type EX Reference
1E170 CsS 4 14
AS33B CS, 3PB 72 2, 3
T1EAEG €S 106 14
1EAFD €S 161 14
Ni-Cr-Mo-V JPB : 124 2, 3
AIST 4340 4PB 113 21
A514F 4PB 110 22
AISI 4340 4PB 174 21

These steels range in yield strength from 41 ksi for the hot-rolled 1E170
steel to 174 ksi for the quenched and tempered 4340 steel. The strength

tevels and other pertinent data are given for each steel in Tables 1-8.

2.2  Results

Using the format of Figs. 3 and 4, the reanalyzed results have been
grouped by specimen geomelry. For the compact specimen geometry, the col-

Tapse loads were divided by the specimen width and thickness and plotted
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versus b/W in Figs. 5-8. The collapse loads of the three- and four-point
bend specimens were divided by thickness and plotted versus b. These
results are shown in Figs. 9 and 10 and 11 through 14, respectively. As

in Figs. 3 and 4, the collapse 1oads predicted by the LL and FT failure
criterion are shown on each of the figures for comparison with the experi-
mental results. In addition, 1imit Toads have been determined for the flow
stresses equal to the uniaxial yield strengths and have been plotted on the
figures. These yield strength Timit loads indicate the onset of net section
plastic deformation and illustrate the effect of work hardening on the LL
failure criterion.

The sels of data which conform to the LL failure criterion are shown
in Figs. 5, 6, 9, 10, 11, 12 and 13. The experimental collapse loads gen-
erally 1ie between the von Mises and Tresca LL curves. The Tresca yield
criterion is slightly conservative. Very conservative LL collapse load pre-
dictions result for the lower strength steels when the flow stress, SO, is
equated to the yield stfength, Sy' However, for those materials that do not
work harden appreciably, i.e. the higher strength quenched and tempered steels,
there is little difference between the 1imit Toads calculated using either the
yield or tensile strengths. Collapse loads that agreed with the FT failurc
criterion are shown in Figs. 7 and 8.

The effect of section size is illustrated in Figs. 6 and 14. The
collapse Toads in Fig. 6 agree with the collapse loads predicted by the LL
failure criterion for the specimen dimensions tested. The interesting point,
though, is that the collapse load curves predicted by the I'T failure criterion
decrease as the section size increases. Continuing to increase the section
size would result in an intersection between the two failure criteria. This

phenomenon occurs for the high strength 4340 steel specimens (Fig. 14).
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Collapse loads for the 4340 steel are characterized by the LL failure
criterion for the smaller values of b but the larger values of b result

in collapse Toads that agree with those predicted by the FT failure criterion.

2.3 Data Analysis and Discussion

The experimental results shown in Figs. 5-14 illustrate that ductile
fracture can be characterized by a two failure criteria model. The experi-
mental data always agreed with the lower of the two collapse loads predicted
by the two failure criteria model.

Data which agreed with the limit load failure criterion were between
the values predicted using the von Mises and Tresca yield criteria. Limit
loads determined using a flow stress equal to the yield strength showed no
consistent relationship with the measured collapse loads. Consequently,
design loads based on a limit load approach should be calculated using a
flow stress equal to the ultimate strength.

The FT failure criterion characterized the fracture behavior of the
higher strength steels but showed a tendency, as seen in Fig. 6, to control
the fracture of the lower strength steels having thick sections. The col-
tapse loads of specimens controlled by the FT failure criterion were less
than the loads necessary to cause net section yielding.

A transition from one failure criterion to another (Fig. 14} occurs
only for certain combinations of specimen dimensions. tensile strength,
fracture toughness and crack Tength (or uncracked Tigament). This crack
Tenglh can be determined by equating the LL and FT collapse loads given by

Egs. 21, 22 and 23;

M T . K
or Sm = Sm

S

(28)
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which, for the CCT geometry becomes:

1-2 - o 29
S”{ M] ra sec Ma]% (29
20
for the Tresca yield criterion, and z
K
2 [ a] c
- S 1 - = /I (30)
/3 W [wa sec gﬁ}z

for the von Mises yield criterion. These equations can be rearranged in

terms of a/W to yield the following equation:

c__ a)(ra . ma)%
S, [I ' w](w sec 2w} (31)

for the Tresca yield criterion. The right-hand side of this equation is
multiplied by 2/v3 when the von Mises yield criterion 1s desired.

The quantity KC/Suvﬂ're1ates the strength, fracture toughness and
section size to the controlling failure criterion. This quantity is plotted
versus a/W in Fig. 15. When Ke is low and S, is high, which corresponds to
a low value of KC/Suvﬁ} the fracture toughness failure criterion dominates
the fracture behavior. Increasing KC and decreasing Su increases the value
of Kc/Su/ﬁ'into the Timit load region. Crack Tength also affects which
failure criterion controls fracture. For instance at KC/SUVW'= 0.6, the
controlling failure criterion changes from Ll to FT at an a/¥W of approximately
0.1 and from FT back to LL at an a/W of approximately 0.85.

The relationship between KC/SUJN'and a/W for the 3PB specimen is shown
in Fig. 16. The Tresca and von Mises curves that separate the FT controlled
fracture from the LL controlled fracture3region have different shapes than

those seen for the center-crack tension sﬁecimen in Fig., 15, The skewed

curves result from the FT and LL interactions for this geometry.
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A comparison between the predicted controlling failure criterion
and experimental results is made in Fig. 17 for the 3PB specimen. Unfor-
tunately, all the data were 1imit load controlled failures; however, they
do substantiate the existence of the limit load region predicted.

Figures 15 and 16 iilustréte perhaps the most important aspect of the
two failure criteria model: the possibility of an a priori characterization
of fracture behavior. Once the tensile strength and fracture toughness are
known, the controlling failure criterion can be determined for the geometry

and section size of the body. This approach is far simpler than calculating

individual FT and LL values.
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3. EXTENSION OF THE TwWO FAILURE CRITERIA MODEL TO WELDMENTS

3.1 Background

In the previous section, the two failure criteria model was shown to
characterize accurately the fractﬁre behavior of wrought structural steels.
This chapter will demonstrate how the model can be applied to structural
steel weldments and how base metal (BM) and weld metal (WM) strengths in-
fluence the fracture behavior. Since most structural steel weldments are
fabricated from low strength and high fracture toughness materials, their
fracture behavior is usually controlled by the LL failure criterion. The
data to be discussed in this chapter will illustrate the 1imit load fracture
behavior that is peculiar to weldments.

Weldments are heterogeneous structural elements composed of three micro-
structural regions: base metal (BM), weld metal (WM), and heat affected zone.
Each of these regions have a different yield strength, tensile strength, and
fracture toughness. The weld metal usually has a higher strength (tensile
and yield) than the base metal and is said to be "overmatched." The amount -
by which the weld metal strength exceeds the base metal strength is the "degree
of overmatching.” For a given base metal, the degree of overmatching is in-
fluenced by several parameters such as weld metal chemistry, welding process,

preheat and interpass temperature, and heat input.

3.2 Ductile Tracture of Weldments - Theory

Very small flaws in tough, overmatched weld metal (Swa > SuBM) are of
minor conseguence, since failure will occur in the base metal at loads less
than those required for plastic deformation in the weld metal net section.

The load carrying capacity of these weldments is thus Timited by the tensile
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strength of the base metal as illustrated by Region A in Fig. 18. The
maximum flaw width {a'/W) that will result in base metal controiled fracture
can be estimated by equating the collapse stress predicted by the Tresca

value of the LL failure criterion toc the base metal tensile strength:

- a
Susm = Suwm(] B WJ (32)

When solved for a'/W, this equation becomes

SuBM

UWM

=1 (33)

tn

Flaw widths greater than a'/W cause both the base and weld metals to
plastically deform, but final fracture occurs in the flawed weld metal.
Because the lower strength base metal 1is part of the fracture process, the
collapse loads are limited by the base metal tensile strength. The tensile
behavior of these flawed weldments is shown as Region B in Fig. 18.

Beyond a certain flaw size (a"/W), fracture occurs in the flawed weld
metal at stresses less than the base metal yield strength. Weldments con-
taining these larger flaws fail in the weld metal and exhibit tensile be-
havior in accordance with the LL failure criterion, as shown by Region C in
Fig. 18. The value of a"“/W can be estimated by equating the Tresca LL failure

criterion to the base metal yield strength:
S oy = Soll -2 (34)
yBM ulM W

Solving for a%/¥ gives the equation:

[Vl

a" _ BM
=g - 8 (35)
W SUWM



22

The relative values of a'/W and a"/W shown in Fig. 18 are dependent
on the tensile and yield strength of both the base and weld metals, that
is, the degree of overmatching. The curves shown in Fig. 19 illustrate
the effect that the degree of overmatching (syBM/SuWM) has on a'/W and
a"/W and how overmatching affects the extent of Regions A, B and C shown
in Fig. 18.

The combinations of relative flaw width and overmatching that causes
fracture in the base metal prior to yielding of the weld metal net section
are contained within Region A. Since the fracture is completely controlled
by the unflawed base metal, large amounts of plastic deformation occur; and
the stress at fracture is approximately equal to the base metal tensile
strength. Region A represents high toughness joints for which weld metal
flaws are benign under static loading.

The relative flaw widths and degree of overmatching included in Region
B of Fig. 19 result in fractures in which both the base and weld metals deform
plastically. The joint toughness is still high because large amounts of plastic
work are expended in deforming the base metal. The extent of Region B varies
with the amount of work hardening {8) available in both the base and weld

metals. The value of B is defined as:

" 3 (36)

(37)

and the boundary between Region B and Region C is expressed by:
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[7e)

SR e L1 (38)
ulM

[¥2]

The extent of Region B, therefore; is dependent on the degree of overmatching
and on the work hardening of the base and weld metals. That is, Region B
diminishes as the degree of overmatching (SyBM/SuwM) approaches zero or when
both the base and weld metal do not work harden (8 = 1.0}.

Referring to Fig. 18, the fracture behavior of high toughness weldments
(large KC/SUAF) was divided into three regions separated by the transition
flaw widths a'/W and a"/W. A weldment containing weld metal flaw widths less
than a"/W will reach a coilapse stress (Sm) approximately equal to the base
metal tensile strength. Flaw widths greater than a"/W cause a reduction in
Sm as predicted by the 1imit load failure criterion. Fracture toughness con-
trolled failures may occur for very Targe a/W at stresses predicted by the

curve iabeled SE, as previously discussed in Chapter 2.

3.3 Ductile Fracture of Weldments - Experimental Results

3.3.1 Specimen Preparation and Testing

The effect of weld metal discontinuities on the fracture behavior of
a structural steel was investigated using ASTM A514 grade F {ASTM specifica-
tion for high-yield strength, quenched and tempered alloy steel plate, suit-
able for welding) base metal welaed with E110-S bare wire electrode. Chem-
ical compositions of both the base metal and electrode are given in Table 9.
Weldments were fabricated with internal full-Tength, incomplete joint pene-
tration (IJP) discontinuities which resulted in the CCT specimen geometry
shown in Fig. 20. An enlarged view of the IJP test section is shown in Fig. 21.
The test specimens were butt welded together using a 60° double V-groove

Jjoint preparation and a variable land {root face) to control the width (2a)
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of the IJP. The welding parameters used to fabricate the specimens were:

Welding process Gas Metal Arc {GMA)
Voltage 28-30 v

Current 285-295 amps
Preheat and interpass temperature 200°F

Shielding gas composition . 98% AR-2% 02

The torch travel speed was varied to produce the desired heat input in the
weld metal. Most of the specimens were fabricated with a single 30 kd/in.
vcld pass per side. Other specimens were similarly fabricated cxcept that
welding heat inputs of 20, 50 and 90 kJ/in. were used. Weld metal tensile
and yield strengths are shown versus heat input in Fig. 22.

Most of the specimens contained as-welded IJP discontinuities and were
tested in tension after fabrication. Other specimens were tested after the
IJP was fatigue sharpened; some specimens were Tabricated with altered V-groove
angtes or inclined IJP's. A complete discussion of the test results obtained
from these specimens is given in Ref. 5. In general, altering the 1JP had
fittle effect on the tensile behavior.

The load and deformation responses were recorded during testing. These
were used to determine the welidment yield strength (Sy), collapse stress (Sm),

collapse strain (em) and the value of J at maximum Toad (Jm).

3.3.2 Experimental Results

The experimental results of the welds containing varying length IJP
discontinuitics arc prescnted in Tables 10-14. Values of e Jm and Sm are
plotted in Figs. 23-26 for welding heat inputs of 20, 30, 50 and 90 kJ/in.,
respectively, and the Sm data are compared with the collapse stresses pre-
dicted by the Tresca and von Mises values of the LL failure criterion (Egs. 21

and 22). The transition flaw sizes 2a' and 2a" were determined using Eqs. 33

and 35.
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Most of the specimens were welded with a 20 kd/in. heat input; con-
sequently, the best comparison between the theorized tensile behavior (see
Fig. 18), and experimental results is shown for this heat input in Fig. 24.
Examining first the e data, it can be seen that e reaches its lowest
value at flaw widths greater than 2a". As 2a decreases, e increases. A
similar response is seen in the Jm data. The Touwest values of Jm occur for
values of 2a greater than 2a". A1l plastic deformation in these specimens
was confined to the uncracked Tigaments which is a necessary requirement for
a valid J-integral measurement using the single specimen method [15]. The
values of Jm measured in specimens containing 2a less than 2a" are not valid
because base metal plastic defurmation not associated with the crack tips
was included in the J measurement, Collapse stress (Sm) data agreed quite
well with the tensile behavior predicted by the LL failure criterion. The
experimental results for the 20, 50 and 90 kJ/in. heat input specimens are
shown in Figs. 23, 25 and 26. With the exception of specimen 6125 {50 kJ/in.),
which contained secondary discontinuities, the experimental Sm values 1lie
within the range predicted by the Tresca and von Mises values of the LL failure
criterion.

The J-integral fracture toughness varied for each of the heat inputs

tested. Average valid Jm values measured for each heat input are:

Heat Input Average Valid I, Value
20 kJ/in. 1.17 kip/in.

30 1.43

50 1.15

90 1.14

For the CCT specimen having the dimensions shown in Fig. 20, the weld metal
values of KC/Suvﬁ'ranged from 2.29 to 2.74. Referring to Fig. 15, it can be
seen that the test specimens were well within the region where the 1imit load

failure criterion dominates the fracture behavior.
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The calculated value of 2a' {base metal dominated fracture) for the
30 kd/in. heat dinput welds was 0.032 in. This was the only 2a' that could
be calculated because thesywﬁs for the other heat inputs were all less than
SuBM' Consequently, only the 30 &J/in. heat input specimens exhibited base
metal-controlled tensile behavior corresponding to Region A in Fig. 18.

Values of 2a" (the minimum flaw width corresponding to Timit load
controlled fracture in the weld metal) were calculated for cach weldment.

The 2a" values, which are shown in Figs. 23-26, were calculated using Eg. 35:

Heat Input SXBM/SUNM 2a"
20 kd/in. 0.79 0.146 1in.
30 0.81 0.135
50 0.84 0.114
90 0.99 0.007

The 2a" transition flaw width decreased as the degree of overmatching
decreased. The calculated 2a" value for the 90 kJ/in. heat input specimens
(sce Fig. 26) was very small {~0.007 in.}) which meant that the tensile be-
havior was controlled by the 1imit Joad failure criterion for neariy all
flaw widths. Only flaw widths Tess than approximately 0.007 in. would cause
the base metal fo participate in the fracture process; otherwise, fracture

is completely controlled by the weld metal net section.

3.4 Use of the J-Integral to Predfct the Deformation at Collapse

Valid J-integral fracture toughness measurements were obtained from
the test specimens containing IJP flaws greater than a"/W. The fracture
toughness, however, was not useful for predicting the collapse stress of
the test specimen, as shown in Fig. 27, because the tensile behavior was

controlled by the LL failure criterion.
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Materials that fail by the LL fajlure criterion also have measurable
values of fracture toughness. In these failures, the collapse stress js
controlied by the LL failure criterion; but the amount of corresponding plastic
deformation may be controlled by a critical value of plane-strain ductility.
For LL controlled failures, the J-integral fracture toughness is essentially
a measurement of the plastic work, i.e. the area under the load-deformation
curve. Consequently, if the 1imit load and fracture toughness are known,
it should be possible to determine the deformation at collapse.

The A5T4F/E110 weldments discussed previously had tensile stress-strain
curves that could be approximated by a rigid-plastic material behavior. The
collapse stresses were predicted by Cgs. 21 or 22, depending on whether the
Tresca or von Mises yield criterion was chosen. The LL failure criterion
was combined with the J-integral fracture toughness to predict the deformation
at collapse (maximum load), & ; this derivation is given in Appendix B. The

m
value of 5m is given by:

J
5 = ﬁ[l - %] (39)

for a/W greater than a"/W where fracture is controlled by the LL failure
criterion,

The ém data obtained from the as-welded, 30 kd/in. heat input weldments
are compared with the predicted 6m in Fig. 28. The data tend to lie within
the 6; (Tresca yield criterion) and Sm (von Mises yield criterion) curves.
Good agreement occurs for 2a greater than 2a"; but the agreement is poor,

as predicted, for 2a less than 2a”.
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4. DISCUSSION

4.1 The Two Failure Criteria Model .

A model to characterize the fracture behavior of structural materials
was proposed in Chapter 1. The model was based on fracture toughness and
limit load predictions of the collapse load which were called the fracture
toughness and limit load failure criteria. Fracture was proposed to occur
at a load equal to the Tower of the loads predicted by the two failure cri-
teria as illustrated for ceﬁter—crack tension and compact specimen geometries
in Figs. 3 and 4.

The twe failure criteria model was compared in Chapter 2 with experi-
mental data obtained from a variety of wrought structural steels and test
specimen geometries. Good agreement was shown between the experimental data
and the predicted collapse Toads in Figs. 5-14., The two failure criteria
were then equated for a given strength and fracture toughness, and the boundary
separating the 1imit load from the fracture toughness failure criteria was
determined. For a given geometry, the controlling failure criterion was found
to depend on a strength-fracture toughness-section size factor, KC/SUVW} and
crack length, a/W, as shown in Figs. 15 and 16. These results suggested the
possibility of an a priori prediction of the controlling failure criterion
and a method of separating below yield strength "brittle" fracture behavior
from post-yield, elastic-plastic fractures.

The quantity KC/SUAI was shown in Fig. 17 to be appropriate for sepa-
rating the regions controlled by the two failure criteria. Experimental data
obtained from A514F/E110 weldments containing incomplete joint penetration
discontinuities were analyzed in Chapter 3 using the two failure criteria
model concepts. The KC/Suaﬁ'va1ue predicted 1imit Toad controlled behavior,

but base metal-weld metal interactions made the fracture model more complicated,
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as shown in Fig. 18. At large IJP flaw widths, the LL failure criterion
predicted the collapse stress; and the combination of the limit load failure
criterion and the J-integral fracture toughness was shown to predict the
deformation at collapse.

The two failure criteriavmode1 has been shown to predict the collapse
loads of flawed structural materials, to be useful in predicting whether
the fracture behavior will be predominantly elastic or elastic-plastic, and
to help predict the deformation at coilapse. The model discussed has been
based on two major assumptions: (1} fracture toughness failures are char-
acterized by LEFM with negligible plastic deformation, and (2} no subcritical
crack extension occurs. The following sections will discuss Lhe effecls that
these assumptions have on the model.

4.2 The Effects of Subcritical Crack Extension on the Two Failure Criteria
Model

Subcritical crack extension has been shown [23] to significantly affect
the critical value of the J-integral. In the same study, J-integral crack-
extension resistance {R) curves were observed to be geometry and section size
dependent. Hence, subcritical crack extension is believed to affect the two
criteria fracture model by altering the load-crack lTength trajectory prior
to collapse. This effect is schematically illustrated for an overmatched
butt weld containing a centralized, planar discontinuity in Fig. 29. Tra-
jectory A is the stress-crack Tength trajectory for a flaw which does not
undergo subcritical crack extension; fracture occurs by the failure criterion
that trajectory A encounters first. If the material exhibits subcritical
crack extension, then its stress-crack length trajectory may follow a path

similar to those illustrated by the "B" curves.
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The onsel of subcritical crack growth occurs when the value of J at
the crack tip exceeds the value of JIc [23]. The trajectory from this point
until fracture occurs is dependent on the tearing behavior of the material.
Final fracture occurs when the stfess-crack length trajectory intersects
one of the failure criteria. As seen in Fig. 29, the occurrence of sub-
Critical crack extension can change the controlling failure criterion and,
to some extent, the collapse load.

The tearing behavior of structural materials has been described in
terms of a tearing modulus (T) by Paris et al. [4]. The relationship
between the fracture toughness measured using the J-integral and the change
in crack length is §Tlustrated in Fig. 1 and discussed in section 1.4.

The effect of stable tearing can be incorporated into the two failure
criterion model for a center-crack tension specimen since unstable Timit load

failure was stated to occur [4] whenever:

T<tb (40)
Using Eq. 9 and the relationship that
~ K2
I (41)
Equation 40 becomes
Ldk*) 1 L
T> @ 572y (42)

0

When Eq. 42 is integrated and subsequently divided by M the result is:

1

K 2
¢
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Curves determined from Eq. 43 for various values of /L/W are shown
in Fig. 30 for the center-crack tension specimen. Subcritical crack ex-
tension precedes final fracture in the region lying above the appropriate
vL/W line, and below this 1ine, no subcritical crack extension occurs prior
to fracture. Bodies prone to subcritical crack extension follow a KC/SUAI
- a/W trajectory until one of the failure criteria is encountered or the
crack extends across the entire specimen.

4.3 The Effects of Plastic Zone Correction on the Two Failure Criteria
Model

The use of a crack tip plastic zone adjustment factor {r) was dis-
cussed in section 1.3. The adjustment factor, r, was proposed for use with
small-scale crack tip plastic deformation [12].

The data shown in Figs. 5-14 indicate that accurate collapse stress
predictions are possible using an uncorrected FT failure criterion. These
results, however, may have been fortuitous, so the FT failure criterion was
recalculated using the value of r given by Eq. 4 and these results were com-
pared with Figs. 15 and 16. The corrected and uncorrected FT-LL boundaries
are shown in Figs. 31 and 32 for the CCT and 3PB geometries, respectively.

There are two main differences between the corrected and uncorrected
boundaries for the CCT geometry shown in Fig. 31. The first difference is
an enlargement of the region dominated by the FT failure criterion. The
plastic zone correction resulted in the ordinate of von Mises and Tresca
boundaries being increased approximately 10 and 7 percent, respectively.
This difference is rclatively small and will have little effect on the two
failure criteria model. The second difference is the prediction of a frac-

ture toughness failure criterion band for large values of KC/SUVWZ This
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band is believed to be an artifact of the analysis resulting from large
plastic zone corrections when the fracture toughness is high. Since the
plastic zone correction was developed and applied for small scale yielding,
large plastic zones are inappropriate.

The Irwin-McClintock plastic zone [12] is éssumed to have the form
of a circular cylinder at the crack tip. This assumption is not a realistic

description of the crack tip plastic zone but nevertheless has been accepted

and successfully used for many years.

The fracture toughness region is also expanded when the crack tip
plastic zone correction is included in the fracture toughness failure cri-
terion of the three-point bend specimen (Fig. 32). The presence of a small
1imit load region within the expanded, plastic zone corrected fracture tough-
ness region is an interesting phenomenon. The Targe expansion of the LL-FT
boundary and the presence of a central Timit load region are believed to be
artifacts of the plastic zone correction and therefore not representative of

the real material behavfor which is summarized in Fig. 17.
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Table 9

Chemical Compositions of Base Metal
and Welding Electrode*

Base Metal**

Welding Electrode

Designation: A514 Grade F GMAW 110 ksi yield
Material Dimensions: 3/4 in. plate 1/16 in. bare wire
Element Chemical Composition in Weight Percent

C 0.16 0.08

Mn 0.82 1.70

P 0.012 0.005

S 0.019 0.009

Si : 0.23 0.46

Cu 0.27 --

Ni 0.76 2.40

Cr 0.54 0.05

Mo 0.47 0.50

v 0.06 0.02

B 0.004 --

Al - 0.003

Ti - 0.025

* Compositions supplied by manufacturer

** ladle composition
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Fig. 2 Stress-strain curves for a real material and its idealization;
both curves have the same tensile strength, Su.
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Fig. 5 Comparison of 1E170 steel cecmpact specimen data with collapse

loads predicted by the 1imit load and fracture toughness
failure criteria [14].
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Fig. 6 Comparison of A533B steel compact specimen data with collapse

Toads predicted by the 1imit load and fracture toughness
failure criteria [2, 3].
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Fig. 8 Comparison of 1EAFD steel compact specimen data with collapse
loads predicted by the 1imit load and fracture toughness
failure criteria [14].
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collapse loads predicted by the 1imit load and fracture tough-
ness failure criteria [2, 3].
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with collapse loads predicted by the 1imit load and fracture
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Fiy. Bl Load versus deflection for a rigid-plastic material.
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Fig. B2 Lload versus deflection curve of a rigid-plastic material.

The shaded area corresponds to the bracketed expression
in Eq. BZ.






