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Abstract: Fracture data of parent and weld metals obtained from tensile surface cracked AA2219-T87 plates
are correlated using a modified inherent flaw model. Fracture parameters are evaluated to generate the
failure assessment diagram of the material useful in failure assessment of cracked components. Failure
assessment diagrams are generated employing SINTAP Level-3 defect assessment procedure. A comparative
study is made on the tensile fracture strength evaluation of AA2219-T87 cracked configurations utilizing
both the approaches.
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Nomenclature

a Crack depth Lr Ratio of applied stress to yield
a, Damage zone size i;r_ess . o
M ismatch factor at yield stress
¢ Half_ crack length t Specimen thickness
2Ceq Equivalent  through  crack W Specimen width
E length for surface crack pe . .
Young’s modulus Y Flnltg width (_:orrectlon factor
E Applied force Ap_plled far field stress
Fe Yield load of base material O Failure stress
E Yield load of mismatch o= Fracture strength of a wide
YM configuration NC specimen
2h Total width of weld p Fracture strength of finite
K, Critical Stress Intensity Factor Ne width specimen
K Plane strain fracture toughness o Ultimate tensile strength
Kiews S, Fracture ~ parameters  in (unnotched strength)
equation (1) v :\_lormallzed remaining
—5” Parameter in Failure Igament
o ( e \/R) assessment diagram
Kimnat Material constant
Kr Ratio of the applied linear

elastic stress intensity factor to
Material constant K

l. Introduction

Fracture and yielding are the two types of failure criteria recognized in aerospace applications. Failure due to
yielding is applied to a criterion in which some functional of the stress or strain is exceeded and fracture is
applied to a criterion in which an already existing crack extends according to an energy balance hypothesis.
Experimentation with a variety of materials would show that the theory works well for certain materials but not
for others. The safety assessment of structures without a fracture mechanics analysis is insufficient and may
cause an unexpected reduction in the load carrying capacity of an actual structure due to the presence of
unavoidable crack-like defects not being taken into consideration. The extraordinary success of fracture
mechanics lies in its ability to combine a theoretical framework with experimentally measured critical
quantities.
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When dealing with a specific material for a particular application, it is not clearly established whether K,c
(plane strain fracture toughness) or K, (fracture toughness when plane strain conditions are not met) values

should be used. The values of K,c seem to be relevant in heavy sections like forgings or thick plates. Design
based on K¢ requires unreasonably thick panels in normally thin-sectioned structural members as in aerospace
industry.

In such circumstances it is necessary to carry out what is called K_ tests as per ASTM-E561 standards,
corresponding to the thickness of the members in the intended structural applications. The geometry dependent
values of K_ can be determined from the point of tangency between the crack growth resistance curve (R-

curve) and the crack driving force curve of a through-cracked configuration. For part through cracked
configuration, fracture strength estimations are not possible directly from the R-curve of the material because
the part through crack has two dimensions namely, crack length and its depth. Though the concept of R-curves
has been adopted to characterize stable crack extension and predict residual strength of thin-walled structures
particularly in the aircraft industry, ASTM E561 yields R-curves in terms of the stress intensity factor as a
function of the “effective” crack length. The new ASTM E2472 addresses the determination of resistance to
stable crack extension under low constraint conditions in terms of crack-tip opening displacement (CTOD) and
crack-tip opening angle (CTOA).

Il. Modified Inherent Flaw Model
The significant parameters affecting the size of a critical crack in a structure are the applied stress levels, the
fracture toughness of the material, the location of the crack and its orientations. Since the intensity of the stress
at the crack tip, K is a function of load, geometry and crack size, it is more appropriate to have a relationship
between the critical stress intensity factor at failure and the failure stress from the fracture data of cracked
specimens for the estimation/prediction of the fracture strength to any cracked configuration. For cracked

configurations, a relation between the critical stress intensity factor (Kq) and the corresponding stress (o g )
at failure is obtained from modified inherent flaw model (IFM) as [1]-[2]:
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Where, oy is the failure stress normal to the direction of the crack in a wide specimen and o, is the ultimate
stress of the material. Equation (1) represents a failure assessment diagram useful for fracture strength
evaluation of different cracked configurations. The fracture Strength (o) of the center crack wide tensile

specimen is obtained from that of a finite width specimen (o) as

Che=0ne Y (2
Where the finite width correction factor [3] is,
e
Y = SeC[W)
3

Where ‘¢’ is half the crack length and W is the specimen width.

For the determination of two fracture parameters (K, andd,;), test results of simple laboratory specimens

like compact tension specimens, center crack specimens etc. can be utilized. For fracture strength evaluation of
any other structural configuration, the stress intensity factor corresponding to that geometry is to be used in (1)
to develop the necessary fracture strength equation. If the values of applied stress and corresponding stress

intensity factor for the specified crack size in a structure lie below the Kq - oy curve of the failure assessment

diagram, the structure for that loading condition is safe. This article considers fracture data of AA2219-T87
useful in aircraft applications [4] and demonstrates the adequacy of the modified IFM approach as well as the
SINTAP Level-3 defect assessment procedure in the tensile fracture strength evaluation of cracked
configurations. The modified IFM approach is found to be simple and includes mismatch effect (if any) in the

fracture parameters (K, and 0,).

I1l. Equivalent through crack
Equivalent through crack size for the given part-through crack size can be evaluated, by equating stress intensity
factors of both the specimens using Newman’s finite element solutions [5]-[6].
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Where,
C a Iz C a 2l
M,=|M, + ——M, =] +¢,/—(M,-1)— f
0 =My {cﬁ " }[tj ¢ﬁ( 2 )(tj "
¢* =1+1.464(a/c)"® fora<c
¢* =1+1.464(c/a)"**® for a>c
M, =1.13-0.1(a/c) fora<c

M, ={1+0.03(c/a)}(c/a)"* fora>c
M, =(z/4)"* fora<c

M, =1+(c/a){(x/4)"* -1} fora>c

M=oy

Here a is the depth and c is half the crack length of a surface crack and W is the width of the plate. When a = t,
the expression holds well for through crack. The Nomo gram [7] shown in Fig.1 is useful to find out 2c,, from
2c.

IV. Application of SINTAP

The SINTAP provides different Levels of complexity, which can be used depending upon the quality and detail
of the input data available. Level 3 assessment is applicable to strength mismatched structures. Strength
mismatch factor M, is defined as the ratio of the yield strength of the weld metal to that of the base material.

In the present SINTAP Level 3 analysis, two cases are considered. In case (a) ‘Crack in Base Metal only’ is
considered. In case (b) ‘Crack in Weld Metal only” is considered. In both the cases, Mismatch factor is assumed
as 0.95 since the material under consideration, Aluminium2219-T87 alloy is a homogeneous material. The
Material Properties and Input Data for SINTAP are given in the table (1) and (2) for case (a) and case (b)
respectively. The results are shown in table 3 and table 4 respectively. The SINTAP Level-3 analysis is
performed using the equations described in SINTAP procedures [9]. SINTAP Level 3 analysis requires full
stress-strain data to determine the stress-strain curve for the equivalent material. When full stress-strain data for

both materials available, f(L,) is defined as

Ee, Lo

1
g _
f(L)=(=2e4—rZey2
(L) (0e 2E8) ®)

In Equation (5), ¢, is the true strain obtained from the uniaxial stress-strain curve for the equivalent material at

e

atrue stress o, . The stress-strain curve for the equivalent material can be determined from the tensile data of the
base and weld material as

Py (FYM/ Fe _1)Gw(5p) +(M - Fom / FYB)GB (5p)
o (e")= (6)
(M-1)
It should be noted that the strength mismatch M, in Equation (6) is defined not only at the yield stress (0.2%
plastic strain) but also at a number of different plastic strain values & "
_ow(£’) (7)
og(e”)

M(gP)
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and I:Yi“"should be found for those values of M. This gives a contrast to the SINTAP Level 2 equations where

FY B
FY M

FYB
the cut off LT™ are defined as

the values of M and are defined at the yield stress. The equivalent yield stress o, , the flow stress &, and

_ Fu@E® _ 5
LTI A N O D L

Fig vB Ove

®)

V. Material curve generation
The True stress — strain curves of AA 2219-T87 base metal and weld metal are essential to draw the stress-strain
curve of the equivalent material. Hence they are drawn using inverse of Ram berg Osgood relation [8] given by
the Equation (9).

= ©)
Q+ Yy
&

0

(o}

Where &, =% and n = 2.76 for base metal and 3.3 for weld metal

respectively. The material constant ‘n’ is a parameter defining the shape of the non-linear stress-strain
relationship. Once the material parameters n and &, are available, a continuous smooth material curve can be

generated by substituting in Equation (9). The stress-strain curve of the equivalent material is drawn using
Equation (6). Fig.2 shows the True stress — strain curves generated for AA2219-T87 with crack in base metal
only. Similarly Fig.3 shows the True stress — strain curves generated for AA2219-T87 with crack in weld metal
only.

A. Evaluation of the material constant (Ka;)
The material constant K, is required to plot the test results in the SINTAP failure assessment diagram and to
evaluate the stress intensity factor K, for any applied load from the SINTAP failure assessment diagram. The

equation to evaluate material constant K, is derived as follows. The ordinate of any SINTAP failure
assessment diagram is given by

K
—L = f(L,) (10)
Kmat
For the failure load of the cracked configurations, the K, in the above relation becomes the critical stress

intensity factor (K;). When K, =K, , the above Equation (10) becomes K. _ f(L,) and
Kmat '
n
Letthe error E=» {K; —K . f(L)}
i=1
Where n = number of test specimens. Partially differentiating the error equation with respect to Kmat and
equating to zero in order to minimize error, we get

LK,
Kmat=-2 (11)
> F(L)?
i=1
Where Lr = i and K, = Critical Stress Intensity Factor calculated from experimental data [4]. The
YM
critical stress intensity factor K for centre surface crack tension (SCT) specimens is calculated from equation

(4).
B. Evaluation of mismatch yield load
The mismatch yield load F,,, is calculated from expressions suggested [10] - [11]. Under Plane stress

condition, for crack in the centre line of the weld metal
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Under matching (M<1)
Under Plane stress condition, for crack in the centre line of the weld metal

£ for 0<y <1.43 (12)
YM — M
Fe 0 £@
F _FO F
M =min{-™, ™3} for 1.43<y (13)
YB I:YB YB

R _ | 2 _[2-+3)143

_ R (14)
Fis V3L V3w
F 1.43
M =1-(1-M)=—— Where i = (W —2c¢)/2h (15)
Feg v
Under Plane stress condition, for crack in the base metal
F —
—M = M|1.095-0.095exp {— &} forM<1 (16)
o 0.0108M

V1. Results and Discussion

Fracture analysis has been carried out considering the ultimate tensile strength values and the fracture data of
AA2219-T87 (base metal and weld metal) generated from center—crack tensile specimens having different
thicknesses. Table 3 gives the comparison of fracture strength estimations with the test results, using SINTAP,
for AA2219-T87 base metal at temperature 295 K for t=16 mm. Similarly Table 4 gives the comparison of
fracture strength estimations with the test results, for AA2219-T87 weld metal at temperature 77 K for t=25 mm.
Table 5 gives the comparison of fracture strength estimations with the test results, using modified IFM
approach, for AA 2219-T87 base metal at temperature 295 K for t=16 mm. Similarly Table 6 gives the
comparison of fracture strength estimations with the test results, for AA 2219-T87 weld metal at temperature 77
K for t=25 mm. The standard error is found to be less than 0.1 following modified IFM and SINTAP
approaches. This trend indicates that these approaches provide the fracture strength estimations within+10% of
the test results. Fig. 4 and 5 indicate the closeness with which the fracture data have been correlated using the
modified Inherent Flaw Model. Failure assessment diagrams are used as a ready reference chart to verify
whether the design point is in safe region or not. Fig. 6 shows the failure assessment diagram using SINTAP,
including the fracture data [4] of the material for Aluminium 2219-T87 base metal at temperature 295K for t=16
mm. Fig. 7 shows the failure assessment diagram using SINTAP, including the fracture data [4] of the material
for Aluminium 2219-T87 weld metal at temperature 77 K for t = 25 mm. It can be seen from Fig.8 and Fig.9
that most of the fracture strength estimations are below +10% of the test results. There is no appreciable
difference in standard errors in the fracture strength estimations utilizing the SINTAP and the modified IFM.
However, the modified IFM approach is quite simple to use.

V1I. Concluding Remarks
In this paper, SINTAP Level 3 assessment procedure has been used to evaluate fracture strength of AA 2219-
T87 base metal and weld metal which are homogeneous metals with the assumption of M = 0.95, and failure
assessment diagrams are drawn. Similarly FAD is drawn using the modified inherent flaw model. There is no
need to consider separately the mismatch effect in the modified IFM approach because the two fracture

parameters (K -, ando,) take into account such mismatch effects of the weld (if any). The procedure is

validated considering the fracture data of AA2219-T87 center surface crack tension specimens. Failure
assessment diagrams showed that the fracture data were closer to the failure boundary. On comparing both
failure assessment diagrams, it is found that the standard error (percentage) in SINTAP and the modified IFM
approach is almost equal. Hence, the modified IFM approach provides reasonably accurate fracture strength
predictions for homogeneous metals.
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Table-1: The Material Properties and Input Data for SINTAP Level 3 Case (a): Crack in Base Metal only

Aluminium2219-T87 alloy
Ultimate strength = 477.1 MPa
Yield strength = 386.81 MPa
Young’s Modulus = 66900MPa
The mismatch yield load = 380.95MPa

Material constant, Kmat = 68.32 MPaym
Temperature = 295 K
Inverse Ram berg Osgood Relation Exponent n =2.76

Table-2: The Material Properties and Input Data for SINTAP Level 3Case (b): Crack in Weld Metal only

Aluminium2219-T87 alloy

Ultimate strength = 379.2 MPa

Yield strength = 224.09 MPa

Young’s Modulus = 6760 MPa

The mismatch yield load = 234.90MPa

Material constant, Kmat =57.55 MPavm
Temperature = 77 K

Total width of weld = 20 mm
Inverse Ram berg Osgood Relation Exponent n = 3.3

Table-3: Comparison between experimental and SINTAP fracture strength for Aluminium 2219-T87 base metal
0, -386.81 MPa, t =16 mm. M = 0.95, Level 3

Specimen Dimensions (mm) Fracture Strength,
O ¢ MPa
Width, Thickness Crack Crack
W t D:pth Ienzgz:th, SINTAP Relative Error
Test [4] Analysis (%)
Temperature: 295K
228.5 16.3 7.52 61.00 291.0 268.21 7.8
558.9 16.3 15.24 145.41 148.9 147.00 13
139.8 15.9 6.88 16.61 373.0 399.88 -7.2
171.4 16.3 6.07 15.27 379.2 419.26 -10.6
139.7 16.3 8.61 23.42 331.0 346.07 -4.6
139.8 15.9 9.19 24.41 335.1 332.15 0.9
1714 15.9 9.91 29.21 3234 303.23 6.2
Standard error = 0.06

- ____________________________________________________________
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Table-4: Comparison between experimental and SINTAP fracture strength forAluminium 2219-T87 weld metal
0, -224.09 MPa, t = 25 mm. M=0.95, Level 3

Specimen Dimensions (mm) Fracture Strength,
O e MPa
Width, Thickness Crack Crack
Depth length, SINTAP Analysis Relative Error
W t a 2c Test [4] (%)
Temperature: 77 K
507.3 25.6 11.86 84.58 169.6 173.22 -2.1
609.7 259 18.03 107.82 136.5 148.85 -9.1
342.6 25.6 17.86 60.30 1744 163.62 6.2
406.7 20.0 19.99 65.63 148.9 159.01 -6.8
406.4 25.6 21.36 71.93 168.2 147.50 12.3
Standard error = 0.08

Table-5: Comparison between experimental and analytical fracture strength for Aluminium 2219-T87

base metal 6, = 477.1 MPa, t = 16 mm. (Kiem = 79.28 MPaVm, 8, ; = 0.00)
Specimen Dimensions (mm) Fracture Strength,
O ¢ MPa
Relative
Width,  Thickness Crack Crack Error (%)
t Depth length, Eq.Crack
W a 2c length, IFM
2Ceq Test [4] Analysis
Temperature: 295K
228.5 16.3 7.52 61.00 30.5 291.0 285.2 2.0
558.9 16.3 15.24 145.41 133.3 148.9 156.9 5.4
139.8 15.9 6.88 16.61 111 373.0 371.6 0.4
1714 16.3 6.07 15.27 9.8 379.2 380.9 -0.5
139.7 16.3 8.61 23.42 16.7 331.0 338.4 -2.2
139.8 15.9 9.19 2441 18.0 335.1 3315 11
171.4 15.9 9.91 29.21 22.2 3234 313.6 3.0
Standard error = 0.03

Table-6: Comparison between experimental and analytical fracture strength for Aluminium 2219-T87 weld
metal

G, =379.2 MPa, t = 25 mm. (Kev = 54.08 MPavm, &, = 0.00)

Specimen Dimensions (mm) Fracture Strength,
O ¢ MPa
Relative
Error (%)
. Thickness gg;)ctﬁ |§r:3frlf, nggrt?fk IFM
w t a 2c 2Ceq Test [4] Analysis
Temperature: 77K
507.3 25.6 11.86 84.58 44.4 169.6 179.1 -5.6
609.7 25.9 18.03 107.82 78.0 136.5 141.4 -3.6
342.6 25.6 17.86 60.3 47.9 174.4 172.6 11
406.7 20.0 19.99 65.63 65.6 148.9 151.3 -1.6
406.4 25.6 21.36 71.93 63.5 168.2 1535 8.8
Standard error = 0.05

- ____________________________________________________________
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Fig.1: Nomo gram for equivalent through crack
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Fig. 2: True stress —True strain curves for Aluminium 2219-T87alloy (crack in base metal) used in

SINTAP Level 3
440

w0 e

360 - .~
320 - 7

280 - p

240 - )

200 A

Stress, MPa

160 1 — - -EQU stress
120 A —— Weld metal

----- Base metal
80 A

40 -

0
0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2

Strain

Fig. 3: True stress —True strain curves for Aluminium 2219-T87 alloy (crack in weld metal) used in
SINTAP Level 3
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Fig. 4: Failure assessment diagram for Aluminium 2219-T87 base metal with Test data[4] . Kigpm= 79.28M
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Fig. 5: Failure assessment diagrams for Aluminium 2219-T87 weld metal with Test data[4] . K;rm= 54.08
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Fig. 6: Failure assessment diagram for Aluminium 2219-T87 base metal with Test data[4] using SINTAP
Level 3. M =0.95
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Fig. 7: Failure assessment diagram for Aluminium 2219-T87 weld metalwith Test data[4] using SINTAP
Level 3. M =0.95.
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Fig. 8: Comparison of fracture strength of Aluminium 2219-T87 base metal with SINTAP Level 3
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Fig. 9: Comparison of fracture strength of Aluminium 2219-T87weld metal with SINTAP Level 3
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