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VOIDS AND THE FRACTURE BEHAVIOR OF THE NICKEL-IRON-
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ABSTRACT Ll sty el S
In order to understand the lmomre belavior of the fmctired tube of the ammomnwum pipeline in the fertlizer
production system. it s pecessary o mke o considerauon the interrelation amomg [ECTOStTOCIUIE,
development of voids and the mechameal behavior of the matenal from which the whbe is made.
A study of the influenc: of microstructural parameters on fmctre toughness of the fube matenal (Nickel-Iron-
Chromium allov) has been made Using the | integral concopr, J-resistance curves have been obtained and the
influence of strain hardeming on fracture toughness has been evaluated. Hence. the teanng wstability concept
wiis applied to investigate the fracture process. The relanionship between critical stress intensity factor and the
microstructural parameters has been taken  inio account Ductile fmctire ocourning by the formation. growth
and coalescence of voids around the mclusions was described. [n addition. micro-fractographic examination
hag been camed oul 1o estmblish a possible correlation between (he mechamical properties and the micro-
mechanisms of fracture.
KEYWORDS
Tearing modudus; J-negral resstance; Tearing mode stress intensity factor; Crack growth: Microstruciure
parameters: Mon metailic inclusiong. Strin-tmndening coefficient: Fracture toughness parameter.
I-INTRODUCTION
Cracks will initiate and grow nf some local wenknesses in the muterial. due to presence of volds, micro-cracks.
flaws. and the like [1-7] Fatigue crack propagotion is influenced by numercas fctors, incleding the natre,
type and magmitude of loading, lengih and shape of crack, size and shupe of componcnt, environment, matenal
and mictostructore [8-10), Offen the mannfacturing process may be responsible for providing the source of

crack mucieation. For exumple, in a welded structure, ihe weld will contain small defects, which muy be
sufficiently damaging to st the crack growing from the first few stress cycles, possibly from more than a
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single nucleation source. ln assessing the fatigue integrity of a structure or structare component, due account
must be taken of the residual stress caused by expansion and contraction during the manufacturing processing
such as casting. forging and welding processes [10-151.

Z-ANALYSIS

Consider the briitle failure of the Fractured tube (collector) of the ammonium pipeline in the fertrlizer
producdon system. which is a valuable illustration of the problem of assessing the significance of red defects.
[nt this regard. it is umportant to note that, investigation of the fractured tube indicate that, the failure was due 10
learing mode of fracture.

ft scews clear that the deformation capacity of any structural member is closely related to some particular
parameter such as stress-strain properties and microstructure parnmelers of the material used. Consequently, a
detanled investigation of these mechanical and microsiructural parameters and their effect on the fracture
behavior of the structure is necessary.

2-1 Tearing lnstability Concept Analysis

The concept of tearing modulus, T, has been developed based on the J-integral resistance curve and the two
non-dimensional quantities. T and Topie [15-1%] The value of T, represents all essential properties of

the materizl. while T, refers o the geometric configuration of the specimen. Both quantitics may be defined

as follows: "
r 3 [ E 1 Y mar
mat O"? | da
77 )

T = iji 3;:}-,
@ |p? ]

The deformation condition of stability of crack growih is " given by the following inequalities:

Trnﬂl > Tapp smble condition

Tma[ < Tapp unsiable condition

In these expressions: “E” is modnlng of elasticity “a," tree fracture stress. “a” is the relevant crack size, [, 15
the value of J-integral following the material resistunce curve. L is the effective specimen length. D and 28 e
the gauge diameter and the crack [eneth of the specimen respectively,

Although this implics that gnly small vmounts of crack growth are allowed, the J-integml tearing modulus
approach has been shown successful m predicting stable cack growih and ductile fracture instability.
The linear elastic J-integral is given by the fllowing:

J=KAE, (3)

Where Ky is the tearing mode siress intenoty facior, E,=Ef1-i) for plane strin and E for plane stress. E is
the modulus of clasticity, and p is Poisson’s ratio.

A closed form expression for tearing mode stress intensity fctor, is given 1n o modified form as follows:

-
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Where B is curvature parameter. { is the tube thickpess. d, is the nibe internat drameter and p, is internal
pressure.

2 _ | ¢t %
#={ i JH2=57)
The applied learing modulus. T. is obtained from Equation (1) by differentating the J-integral of Egruition. (3},
with respect to crack depth. 2a. and then using equation (4) to obtain T
2-1-1 Application of the tearing moxdulus concept

Tensile tests were performed. The specimens were manufactured from the trunk of a supplied spare part ube
and from the recommended muterial {Nickel-Iron-Chromium alloy).

Figure 1. Shows the tensile stress-sirain relanonship for the recommended material and the supplied tube
material. The figure indicates 1he vast difference i the deformation capacity between these two malerials.

The mechanical properuies resulted from the tensile tests for the recornmended matenial as well as the supplied
wbe material (Nickel-lroo-Cliromum alloy) are reported as given in tables 1a and 1b.

TABLE la Mechanical Propenies experimentally determined for the recommended material (Nickel-Iron-
Chromium allov).

\ - Tensile Strength Yield Strength Elongaton
Ally | oragd S MPa | (0.2% Offsen) MPa_| %
Nickel-Iron- Hot-finished anncaled. | 243 | 266 34

Chromium | or cold drawn annculed

TABLE 1b. Mechanical Properties experimentally delermined for the supplied tube materinl (Mickel-Iron-
Chromium allov).

Al i_ Condition Tensile Strengnh | Yield Strength Elongauon
: = MPa 11.2% Offsety MPa | %
Nickel-Tron- Nan-heatrentsd material 18k 318
Chromium Bk

In order to further understunding of (e fracture behovior of the recommended matenial 25 well as the fracrured
tabe miatenal. the teanng instability enrtenion wies applied as follows (see Appendix-A1:

The first siep is;

vickel-lran-Clenmium
villees of

nded rusterial

Using the approprime datn expermentallv determined for the recom
alloy) that recommended oo

Towand T, as follows

Lranty T:m;' il i§ see that
T T
mil < 2 app

Consequently, szcording to g, (2) the condition of the recommended matenal s stable

Using specimens cut-off and maciined from the supplied mobe material. stanc monolomc tests were perl
and the respective values of T, Tow

recorded, resplting in:

o

L - T::p]:.‘»
This ineguality corresponds with the process af unsiable deformation. Thus, the propertizs of the supplied uhe
material effect the deformation capacity and  the mechanical bebavior of the collecter tube.  Theresupomn, the
material from which the mbe wae made is able to develop tarmg metahility that leads to crack propagation
under the operating conditions.

A paramelric study for the applied earing modulus has performed and the results are shown in Fig. 2 and 3.
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2-2. Influence of the Microstructural Parameter on the Critical Stress Intensity Factor

The relationship between the criical stress intensity factor. tensile properties and the microstructure parameter
of matenals bas been investigated [20-24). It is now penerally accepted that a correlation between tensile
properties and fracture loughness parameter that could be consider as the critical stress intensity factor value
exists upon Mode-[II loading. However, the critical stress intensity factor K. may be expressed as follows:

v
SwU+r) _(1-n) (I+a) p(1+n)|"?
Iertcal 1_#2 'O',V 'Ef E )

This formula shows that. Kiqen is linked to four tensile quantities o,. E. £/, n and to microstructure parameter
§. Thus. Kiomea can be calculated after measuring § hy mewallographic observadons.

Where g, is the yield strength. E is the modulus of elasticity; €, is the true fracture strain in uniaxial tension. n
is the strain-hardening coefficient of the material considered equal to the upiform elongadon strain at the
instability of tensile specimen and § is the inclusion spacing.

Figure 4, shows the vanation of critical stress intensity factor for the recommended and supplied tube materials
as a function of microstructure parameler. s'.

2-3. Heat Treatments and Microstructure Control

Many forming and joiping processes involve heating and cooling the metal and thus accidental heat treatment
may result: if these facts are not realized then semou$ consequences may occur such as non-homogeneous
mucrostructure. Moreover developing restdual stress, segregation of added elements: non-controlled grawn size
increasing the brittkeness of the material. developing intergranular and trans-granniar cracks that propagate
under normal operation conditions may be the result [24-26]. An example is the fractured tube, which is
studving in this work.

Fig. 5 shows ilustrated drawing for the fractured tube. Fig. 6 shows photomicrograph of the recommended
material and the supplied tube material. Consideration of these photomicrographs indicates the difference in
the microsoocture.

3- INVESTIGATION ANALYSIS

Although three samples of test pieces were laken-up from the same fractured tube runk the results of the
microscopic investigation revealed that, there is vast difference between the gramn microstructure of the three
tcst samples (A, B and C). In addition the material ffom which the tube was made is non-homogeneous
material

Figure 7 shows some typical formations and growth of intergranular cracks that found in the fractured tube
material. These photomicrographs show intergragular and transgranular nonmetallic taclusions in austenitc
matrix with very small voids were enveloping the inclusions.

The result of the chemicai composition analysis for the fractured tube material as reported by CMRI is given in
the following table.

I

Chemical composition anahsxs as rggone:d by CMRI" (Composition Limits. %)

Sample| C Si Mn P Cr | Ni | T Al | Cu Fe

A o121 [ 0785 | 0.862 | 0.015 | 0.004 Losﬂ 3136 | 00ss | 0137 E 0.119 bles’t |

strain-hardening coefficient n=0.086,

B u}.122 0.755 | 0.844 10.015 0.003 ] 2062 | 3157 | 0.054 | 0.129 1 Q.121 ' Rest
¢ W 0.120 | 0.763 | 0.845 L0.0IS 0.003 —[20.64 31.50 | 0.055 | 0.131 &1201&3&

The mean inter-particle spacing between the non metallic inclusions (Inclusion mean spacing) = 76-%0 nm,

The Nickel-Iron-Chromium alloy recommended material is chosen according to ASTM standards [ASTM 87),
The properties that characterize the recommended material were matched with the charactenistic properties of
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UNS NOS810 what is nermally employed in service temperaiures above 593°C. The malerial graun size. nearcst
{0.060 mum), with the following chemical composition.

Chenucal composition of the recommended material (recommended according to ASTM),
“Nickel-Iron-Chromium Alloy UNS M08810” (Composition Linuts. %)

Sample | C | si [ mMmn | P | S [ € | M Tr A T cu b Fe
Collector 0.05 1.0 L5 | - | 0015 [ 19.0 | 300 0.15 0.15 0.75
biftes to max max | max | o 1o to (o] max Rest
0.10 25.0 35.0 060 | 060

|
The mezn inter-particle spacing between the non-metallic inclusions (Teclusion mean spacing) = 120-140 um, |
strain-hardenine cocflicient n=1 32,

|

4-RESULTS AND DISCUSSION

The applied J-integral tearing modulus method of analvsis for tubes containing intergranular cracks, voids or
flaws sutjected to infemnal pressure was employed to analyze the fracture behavior of the fractured tube. The
tearing modulus analysis based upon the closed-form of stress intensity factor given by equations {(4) and (5}.

The J-integral and tearing modulus were appiied in this jovestigation for predicting stability of crack growth in
the tube material. Observution of the curves ploted in Figures (2) and (3) indicate that. the crack is stable as
long as the calculated applied tearing modulus does nof exceed the material tearing modulus, On otherwise.
when the applied J values equal the matenal J values.

The mcthod of analysis followed herein was performued to assess crack instability. Hence, plotting the applied
tearing modulus versus normalized T for various values of crack depth to tube thickness ratio, a/t, for differem
values of tube thickness to tube mner diameter ratio. td  Thereafter superimpose the material tearing modulus
curve as shown in Fig. 3. Morcover, the maximum crack size a structure member can be tolerating at the
partcular suess level is indicated. for Nickel-Iron-Chromium Alloy as a recommended material for tube
manufacruring,

For the sake of understanding the interrelution between the muterial mcrostructure and the fracture woughness
that conirol the fracture behavior of 2 Srucure. hence. the nucleation of ducule fracture [rom intergranuiar
cracks or voids located between major mefallic mclusions. A link is established between mechanical and
microstructural quuntities expressed 4 grven 1z Equation (5).

Careful comaderation of Figure 4 that ploned on the
whuch is of the same order of magnindes a5 5
advance inlenencs N SUMe way as in

brzz of Equation (5) hivpothesizes that crack tp bluns,
veen mayor non-melallic inclusiens, s'. Then the onset
1 with blunt notch. Consequently, a procedure Lo drive

J= dom from the values of the applied J-in | fracwure nucleatsn was carmied out. Blunt notel specimens
with noiched end radii greater than s has beo il expen

pert f : L dedition. it can be stated
hat (he fracture oughness B or Jie in ductile ropiures is controlled both by the spacing berween inciusions
and by total second phnse volume

Based on the results of test investigntions and the asalytical-experunental study of the interrelation among
trucmre and develspment of voids it is. thorefore. necessary to wlentify the various factors affecting the
ical behavior of any structuse compenent The effects to be taken nid account is the microscopic and
of heatig an ~Chremium albey, The most impormnt of microscopic b
I chonges are strength and & docuiity of the alloy

i of Figure | identifies the effects of the nucroscopic cf r and ductility of the

fraciured tube materal and recommended meatenal. Thus, it is the loss o with increasing
strength that of greatesy cause for our cancem
Furthermore it has been shown that, manufactunng 2od joining process followed by non-hent-ireated resulting

i non-homogeneous griin microstructure &5 well as grain size, in addition, effecied during operation Crcle.
This being clearly shown in the microstructere photographs Figare 7.

The non-homogersous grain mucrosinicire and gramm sioe lead 10 crack propagadon under normal operational
condition. In addition. the opcrational lemperature, which may reach the recrvstalization temperaiure of the
tube alloy, may affcet the low-melting-pomnt metals. Nonetheless, iron waved with low-melting-poimnt elements
such as copper. aluminum and tlamum etc. These elements weaken the grain boundaries by reducing their
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surface energy and the intergranular cracks will be genmerated in  the grain bomndares. Thus, they actin a
manner similar o stress raiscrs, such as notches. However, the crack initiation has been related o the fact that
the mcrease of the operating temperature does modify the microstructural parameter that play a role in
controlling the fracture mechanism of micro-void nucleation and coalescence

5-CONCLUSION

The tearing instability concept and the tearing modulus criterion were nsed to imvestigate the tensile
deformation of the Nickel-Iron-Chromimm Alloy. In addidon pocleation of voids was studied to understand
the iaterrelation among microstructure and fracture toughness, which control the fracture behavior of the
structure and stmicture components. Accordingly, it is concluded that:

1- The stability of the fracture ioughness has been related to the fact that. the changes in the microstroctural
parameters play a role in controllirg the fracture mechapism of micro-void pucleation and coalescence.

2- The changes in grain microstructure influence voids nocleadon and growth nnder normal operational
condition.

3- Void nocleation at carbides occurs at Jow strains and these voids dominate the fracture process becauss of the
small spacing between the carbide particles especially along the prain boundaries giving a significant reduction
in woughness and dectility.
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APPENDIX
A-EXPERIMENTAL PROCEDURE

It is a common practice w determine the tensile propernes of a matenal using round bar test-specimen. such as
wn this investigation. according 1o the standard BS18 (1971). Static 1ensile 1ests were perfornmed at a loading
rate of 0.5 mm/min on cylindrical specimen. d=12 mm. The specimens were manufactured from the trunk of a
supplied spare part tabe and from the recommended material (Nickel-lron-Chrominm alloy) of thickness equal
35-mm wilh their axes parallel to the manufactured tube axis. Afier the general yielding and at the beginning
of the necking the strain hardening coefficient n reached the values of 0.32 for the recommended matenal
(Nickel-Iron-Chromium afloy). Moreover. strain-hardening coefficient n reached the value of 0.086 for the
supplied tobe material On completion of the necking, the value of n increased to 0.38 for the (Wickel-Lron-
Chromium and kept constant for the supplied tube material The nitimate failore of the specimens was
characterized by gross vieldiog in the gage [engih In order to develop the present understanding of the fracnure.
the teanng inswability criterion was applied.

The concept of tearing modulus, T, has been developed based on the J-integral resistance curve and the two
non-dimensional quantities, T aBd Topueg [15-19]. The value of T, represents all esseniial properties of
the matenat, while T, refers w the geometric configuration of the specimen. Both quantities may be defined
as follows;

]

T = E dJmat
mat 3 da
o

!

r =% (a
app | p2

The deformation condition of stability of crack growth is given by the following inequalities:

Taa > Tapp stable condition
11}
Toam < Taw unstable condition
In these expressions: “E” is modulus of elasticity ~G,” true fracture stress. “a” is the relevant crack size. |, is
the value of J-integral following the material vesistance curve, L s the effective specimen length. [ and 23 are
the gauge diameter and the crack length of the specimen respectvely.

At the beginning of the mecking process no imternal crack in the body of the specimen pauge length was
assemed,

Le. 2a=0
Therefore Tam =0
Using the approprate experimental data for the Mickel-Iron-Chromium alloy, we obtyin
Toam= 2251
The following values were applicd
di/da = 3046.8 MFPa
E=2.1x 10° MFa

o= 535 MPa
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Comparing T,y and T.. it is seen that
Tas> T
Consequently, according to equation (ii) the condition is stable.

Now considering the point of failure for tbe supplied twbe material, it will be realived that ihe situation is
different. Three nccking tests were performed and the respectrve values of T, and T recorded. resulting in
This inequality corresponds with the process of unstable deformatian.

B-Application of Through-Thickness Yielding Criterion.

By using concepts of linear-slustic fracture mechanics, a quantitative approach 1o the development of toughness
requirements is based on the regquiremert that m the presence of sharp crack in an engineering structure.
through-thickness yielding chould occur before frmcture. It has been shown that. a toughness criterion for steels
to abtain through-thickness vieldiag before [fraciure can be developed in terms of yield strength and structure
thickness as follows [20]

Kic > ¢ oy (2ama = t i (i)

Accordingly, the required value of K- that could sausfy steel using requirement could be obtained according 0
the through-thickness-vielding critenon as follows:

Kic = € Gy (2209

Using the expenmentally determined data for a parocular material (Nickel-lron-Chronuum alloy), thus the
maximurm crack size a stucture member can be tolerale at the particular stress level is

a0 = U [ Kic OF Kunas / 3, (iv)

¢=2n/ (143
Where [J is the tube curvature parameler.
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Stress MN/m™ 350 {

Recommended malcrial

250
200 1/ #  Supplied tube matenial.

] J_-,.._.L- [T PR L J R

0 10 20 an 10
Elongntion percentage. %%
Fig. la. Comparison between (he lensile properties of recommended and supplied ttbe matedial.

Fig. lb. Tested specimens and fructured surface afler performing the iensile lest. for
2} Recommended maierial and b) Supplied tube matermal
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Fig.2. J-integral vs crack depth / tebe thickness for values of 1/d,=0.1. 0 125 and 0.146.
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Fig, 3. Tearing modulus vs normalized J-integral for vanious values of ¢/d,=0.1,
0.125 and 0.146 with the T-J curve for the recommended material.
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Fig. 4, Variation of critical stress intensity factors of Nickel-Iron-Chromium alloy as a
function of microstructire parameter ', at different stress hardening values n.

240 B

- sy ’*L'- vl 4

640 mm.

Fig. 3; Fractured tube geometry and crack branches locations.
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1At (b)
Fig oo Phisderigrogriph of the Nickel-Iron-Chromium alloy.
11 Fecommended materinl and by Supplied be araterial

Fig. 7 The microstrociure of the tested snmpies that iaken-off from (be fmaciured tube trmnk, The microstne:ime
cangiel of some Interaramlar and tmnsgrrnular non-metallis inclusicns in on austenitic mmts,
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