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Tensile rupture of tungsten alloys by the cascade
of crack nucleation events
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Quantitative metallographic methods are used to relate alloy ductility to microstructural
fracture mechanisms for ten tungsten-nickel-iron alloys with Ni/Fe ratios of 7:3 and 1: 1
and over the tungsten composition range 87.5 to 97.5 weight percent. These techniques are
used to characterize the crack nucleation state at the rupture strain. The observations are
consistent with fracture by load shedding and a cascade of nucleation events within a
narrow zone in the sample. An instability analysis is presented which includes reduction in
area due to both tensile plastic strain and to the development of crack nuclei within the
sample. © 2000 Kluwer Academic Publishers

1. Introduction pret fracture behaviour in relation to composition and
Whilst the strengths and ductilities of sintered tungsten+microstructure.

nickel-iron alloys are significantly influenced by com-

position and microstructure (size, shape and distri2. Experimental

bution of phases), these alloys also demonstrat@his study utilizes ten W-Ni-Fe alloys manufactured
widespread variations in mechanical properties whictfrom the same source material in the same industrial
are often attributed to variations in interphase bondplantso that manufacturing variables are minimized[7].
strength, and related manufacturing variables such abhe tungsten contents are equally spread from 97.5 wt%
sintering conditions and initial powder purity [1-4]. In to 87.5 wt% and two Ni/Fe ratios were used, namely
studying these alloys, the effects of these latter variable® : 3 and 1 : 1. Details of the materials and their mechan-
may be minimized by using alloys manufactured fromical properties are given in the earlier work [7] and the
the same powder source under the same conditions fostrength and toughness data is summarised in Fig. 1.
lowing established industrial procedures. In pursuit ofChanges in microstructure relating to these properties
high strengths and ductilities it is known that a highwere determined by quantitative metallographic mea-
degree of tungsten grain contiguity should be avoidedsurements using optical microscopy and electron probe
the weakest fracture paths being provided by interfacemicro-analysis.

between tungsten grains [1, 2, 4]. The highest ductili- Quantitative metallographic techniques [8] allow the
ties are achieved in alloys of 90 to 95 wt% tungsten andneasurement of grain size, estimations of tungsten
demonstrate a maximum in the percentage of transgrain surface area per unit volume, tungsten-tungsten
granular cleavage of tungsten grains [2, 5]. Ductility contact area per unit volume, and tungsten grain con-
is also influenced by the Ni/Fe ratio and by the pres-+iguity (the fraction of tungsten surface area which is
ence of other minor element additions. In a compreheninvolved in particle-particle contacts). Binder (matrix)
sive examination of composition effects and fracturephase volume fraction was estimated using the quantita-
paths, Ekbom [5] has pointed out that tungsten alloysive capability of an electron probe microanalyser, con-
are model two phase materials for the study of fracturesidered to be more accurate than manual point count-
and deformation, and similar observations have beeing. An examination of polished sections through the
made by Ostalaza Zamoetal. [6]. This present work fracture surfaces of tensile test specimens in the elec-
builds on the results of earlier work [7] which examined tron microscope allowed the contributions of tungsten-
the effect of composition on the properties of tungstentungsten (W-W) interface, tungsten-binder (W-B) inter-
nickel-iron alloys. This paper looks at microstructural face, binder phase (B) and tungsten grain cleavage (W)
influences on fracture path as a function of variations irfractures to be assessed. Measurements were made of
parameters such as phase volume fractions, grain sizke lineal proportion contributed by each fracture mech-
and particle contiguity. The information is used to inter-anism to the total ‘length’ of the sectioned fracture

T Deceased.

0022-2461 © 2000 Kluwer Academic Publishers 4067



Failure strain v Tungsten content with composition 87.5%W 6.25%Ni 6.25%Fe, which
showed a smaller grain size. Alloy 5, 87.5%W 8.75%Ni
3.75%Fe, contained a small fraction of voids0(05
volume fraction) which significantly influenced frac-
ture behaviour and provided atypical results. The higher

total tungsten surface area per unit volume and the
B slightly higher volume fraction of tungsten grains, in
the 1:1 Ni/Fe alloys compared to the 7: 3 ratio Ni/Fe
alloys, are consistent with the binder phase contain-
ing 13.6 wt% W in the former case compared with
23.4 wt% W in the latter [7].

Table Il presents measurements from the fracture sur-
face of the contributions to fracture from each of the
0O7:3 Ni:Fe B various fracture modes. It is noted that with the excep-
O 1:1Ni:Fe 8 tion of the highest tungsten content alloys, where W-W
interface fracture dominates, each of the four crack-
O ing mechanisms makes a significant contribution to the
0 _ final fracture surface. Table Ill presents measurements

85 90 95 100 from within the body of the specimens of the crack area
per unit volume for each crack type. The total crack area
per unit volume of all the cracks and their mean dimen-

@) sions are also presented in Table IlI. In contrast to the
UTS v Tungsten Content results presented in Table Il for the fracture surface, the
observations in the body of the specimens (which can
1400 be taken as representative of the state of the specimen at
the onset of rupture), show a domination of one fracture
type, viz. tungsten-tungsten interface cracking.
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4. Discussion
The 7:3 ratio Ni/Fe alloys show a peak ductility at
about 92.5 wt% W, and this ductility is higher than
the peak value for the 1:1 ratio Ni/Fe alloys, which
occurs at about 90wt%W, as shown in Fig. 1a. Previ-
007-3 Ni-Fe ous quantitativg me’_tallogragphic $tudies have_ generally
011 Ni-Fe correlated maxima in QUctlllty with maxima in trans-
200 - - granular tungsten grain cleavage in such alloys; the
low ductility at high tungsten contents corresponding
0 . , to a higher proportion of tungsten-tungsten interface
85 90 95 100 fracture, and the low ductility at low tungsten contents
corresponding to high percentages of tungsten-binder
Tungsten Content (%) pull-out and binder phase rupture. These observations
(b) are supported by measurements of the relative contri-
Figure 1 (a) Fracture strain as a function of tungsten content for the butions to fracture surface area as presented in Table Il,
7:3and 1:1 Ni/Fe ratio alloys and, (b) true stress at the ultimate tensilland these data are comparable to similar studies [5, 9]
strength as a function of tungsten content for the same alloys. given the degree of subjectivity in these earlier mea-
surements and the variability in material source and

, . , experimental conditions. The tungsten-tungsten grain
surface. From optical micrographs of sections through-gntact area per unit volume and hence the contiguity,

the body of the fractured tensile test specimens it wag e generally higher in the 1: 1 Ni/Fe alloys than in the
possible to determine the distribution of crack nuclei at; - 37\i/Fe alloys, Table 1, and this is consistent with
the instant of rupture. For the four possible crack typesine 1 : 1 ratio alloys having generally lower ductilities
W-W, W-B, B and W, the cracked area per unit volumeit it is accepted that the tungsten-tungsten interfaces
and the mean crack dimensions were measured W'th'ﬂepresent the lowest strength fracture mechanism.
the body of these specimens at rupture. An examination of the body of the fractured spec-
imens, as quantified in Table Ill, presents an entirely
different picture of fracture than that obtained by ex-
3. Results amination of the fracture surface alone. The maximum
Table 1 lists the ten alloy compositions, with alloys ductility for each Ni/Fe ratio correlates with a max-
identified 1 to 10 throughout this work, and gives aimum in the total crack area per unit volume within
guantitative comparison of the microstructures. Thethe body, indicating greatest tolerance to the crack nu-
grain size was similar in all alloys except for No. 10, clei without crack propagation or crack linking. The
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TABLE | Quantitative comparison of alloy microstructures

W-W grain
W surface contact area

Alloy W Ni Fe Grain area per unit volume per unit volume Binder phase
No. wt% wi% wit% size fum) (mme/mm?) (mm?/mmd) Contiguity volume fraction

1 97.5 1.75 0.75 30 141 69 0.98 0.10

2 95 35 15 34 116 26 0.45 0.16

3 92.5 5.25 2.25 31 119 21 0.35 0.22

4 90 7 3 31 112 12 0.21 0.26

5 87.5 8.75 3.75 30 112 13 0.23 0.29

6 97.5 1.25 1.25 30 143 57 0.80 0.09

7 95 25 25 29 140 45 0.64 0.14

8 92.5 3.75 3.75 27 140 36 0.51 0.20

9 90 5 5 30 118 24 0.41 0.25
10 87.5 6.25 6.25 19 181 41 0.45 0.27

mean dimension for the cracks present in the body ofungsten grain or by the binder phase. Whilst these ob-
the sample is about one third of the tungsten grain diservations confirm that the tungsten-tungsten interface
mension. In all alloys the cracks are predominantlyis the weakest crack path, a comparison of the cracked
tungsten-tungsten interface cracks except for the ontingsten-tungsten interface area per unit volume in Ta-
case where the percentage of pre-existing voids exdle Il with the total available tungsten-tungsten inter-
ceeded the cracking due to straining. This indicates thaace area per unit volume in Table I, shows that at the
tungsten-tungsten interfaces are indeed the weakest linkitiation of rupture only a small proportion of the avail-
and that the contributions to fracture from other modesable interface areais cracked. Rupture in the lower tung-
have developed during the final process of rupturesten content alloys along a mixture of paths indicates
Cracked tungsten-tungsten interfaces within the bodyhat these other paths are not too much stronger than
are generally oriented normally to the tensile axis. Mosthe tungsten-tungsten interface, as this shows it is eas-
of the cracks involve separation at only one tungstenier to fracture by cleavage, tungsten-binder interface
tungsten interface, being stopped at either end by and binder phase fracture, than for the crack to branch

slightly to seek other tungsten-tungsten interfaces. A

similar conclusion was drawn in examining different

fracture features in an investigation of sintering dura-
TABLE Il Percentage contributions of various crack paths to fracturetion effects in a 95%W 3.5%Ni 1.5%Fe alloy [10].

Binder Tungsten Very few cracks were observed in alloy 10, 87.5%W

Alloy W-Binder ~ Phase Grain 6.25%Ni 6.25%Fe, and, in this case only, they were
No. W-W Interface interface Rupture  Cleavage not uniformly distributed but tended to be concentrated
near the fracture surface. This too was the only alloy

1 100 0 0 0 . ; . . .

5 26 47 3 24 which showed necking prior to fracture in the tensile
3 33 14 13 40 test. The cracks have therefore, in this case, appeared in
4 12 47 23 18 the necked region where there is both increased stress
5 28 37 29 6 and hydrostatic tension. A reduction in the interface
6 89 6 4 1 areaand hence ‘flaw’ size, between the smaller tungsten
7 53 27 10 10 grains is believed responsible for the reduced cracking
8 39 1 1 39 within this alloy.

9 21 34 18 27 ; . I

10 10 36 26 28 To explain the link between the contribution of the

fracture modes to the fracture surface, Table II, and the
TABLE Il Fracture strain and measurements of cracking within fractured tensile test specimens
Crack Area Per Unit Volume (mffmm?®) [Mean Crack Width ( zm)]

Alloy Fracture Strain of Total All W-W W-Binder Binder Phase Tungsten Pre-existing
No. sectioned sample Cracks Interface Interphase Rupture Cleavage \oids

1 0.08 .1613] .1613] - - - -

2 0.21 .9813.6] .9213.4] .0716.8] - - -

3 0.26 1.0913.3] .9412.7] .0715] .07[35] .028.2] -

4 0.18 .5426] 3733 .1418] .0321] - -

5 0.13 .0514] .0315.2] .0212.6] - - .6335]

6 0.09 3511.6] 3911.6] - - - -

7 0.15 7111.9] 7[11.9] - - .0074.8] -

8 0.17 9512.3] 9912.3] - - - -

9 0.21 3.0p12.1] 2.9312.4] .028] .0211.4] .097] -
10 0.19 .1%5.6] .07[5.6] .035] .096] - -
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TABLE IV True stress at UTS and parameters derived from quanti-values from Table Ill, even though it may be presumed

tative metallographic data that the largest defect is the one which leads to final
Possible W-W rupture; and the medium is not a homogeneous elastic
Interface continuum on the micro-scale being considered. Thus

Percentage  Fracture. ~ appreciable scatter in estimated stress intensity factor
Aoy True S OfSCrO_SS Pef“;e“t?ge ?:”ess '2“(925'% can be expected. Nevertheless a value for the stress in-
oy rue Stress ection of Total Cross actor q H H

No. at UTS Cracked  Section (MPa,/m) tensity,K, was estimated from

1 874 05 88 45 K =0/(ra) 1)

2 1133 33 37 5.9 _ ' _

3 1159 3.4 28 6.0 Whereo is the tensile stress, aralis the half crack

4 1053 1.7 15 7.6 diameter.

5 895 0.2 17 a7 The true stress at the ultimate tensile strength was

? 1?)312 ;i ;g ‘éi used for calculations. This was also the stress at frac-

8 1029 e a1 51 ture except for alloy No. 10 which showed some neck-

9 1066 9.0 30 5.2 ing. Despite the Iim.itations in_ the a_malysis, the val-

10 1026 0.1 33 (3.4) ues of stress intensity factor listed in Table IV show

only relatively small differences between the differ-
ent alloys even though their final fracture modes vary
development of cracking in the sample up to the pointsignificantly. This accords well with the suggested
of rupture, Table Il, it is necessary to consider the nasmall differences in fracture strength for the different
ture of the fracture process in terms of crack “path”. If it fracture paths. The absolute values of the calculated
is assumed that in rupturing the sample the crack is alstress intensity factors are however approximately an
lowed to deviate by a maximum of one tungsten grainorder of magnitude less than the macroscopic tough-
diameter (which is consistent with our experimentalness of the 95%W 3.5%Ni 1.5%Fe alloy as measured
observations), then multiplying the crack area per unity Shah Khan, Underwood and Burch [12], namely
volume, Table lIl, by the average tungsten grain diam59.5 MPam®®, a figure consistent with values quoted
eter gives the proportion of the tensile test specimeffior similar composition alloys [6]. The interpretation
which is cracked at the onset of sample rupture. Thesef these stress intensity figures is that, at the stress in-
figures, presented in Table IV, show that this varies frontensity calculated at the crack tips within the specimen
less than 1% of the test specimen area for the alloys ahe individual cracks do not propagate to cause rupture.
low ductility to several percent for the more ductile al- As discussed above, with the exception of the single
loys. The majority of the rupture process in these alloysexample of a low W content alloy (Alloy No 5), failure
is therefore a rapid catastrophic event associated witin these alloys was also not through a process of neck-
a small increment of strain and not a process of voidng. Instead it is proposed that all these observations
growth and crack linkage as conventionally observedare consistent with rupture by a cascade of nucleation
as the neck of a tensile sample develops with strain. events within a narrow zone at the maximum load. It is
Multiplying one third of the tungsten-tungsten grain necessary therefore to propose a process by which such
contact area per unit volume, Table I, by the averagen instability can occur and to assess the applicability
grain diameter, gives a measure of the proportion obf this process to the current alloys through quantitative
the tungsten-tungsten interface that is correctly oriimeans.
ented to allow fracture along that path, with a crack The different cracking modes will each have a dis-
deviation of not more than one tungsten grain diam-ribution of strengths which overlap one another rather
eter. These figures, presented in Table IV as the Poghan having clearly distinct values, see Fig. 2. As the
sible W-W Interface Fracture, show that a very highapplied stress increases, cracking initiates with the low-
proportion of tungsten-tungsten interface fracture isest strength mechanism, W-W interface fracture, but
easily obtained in the high tungsten alloys and, aparbefore all such interfaces have cracked the weaker ex-
from the 97.5wt%W alloys, is higher in the 1:1 Ni/Fe amples of the next mechanism begin to rupture, etc.
alloys compared to the 7:3 Ni/Fe alloys. Given thelt is confirmed from the mixture of fracture “paths”
sampling errors in the quantitative metallography, theobserved in these alloys that although the tungsten-
accord between these figures and the measured peaongsten interface is the weakest, the other mechanisms
centages of tungsten-tungsten interface fracture in Taczannot be too much stronger as they are activated in
ble Il is reasonable, and it can be concluded that duringreference to major crack branching to seek out only
the rupture process the vast majority of favourably ori-the weakest link. Whilst the total number of cracks
ented tungsten-tungsten interface areas are undergoimgthin the sample just prior to rupture is small (rep-
fracture. resenting between 0.1 and 9% of the total cross section
The stress intensity level within the specimen associfor these alloys, Table V) these cracks are expected
ated with the crack nuclei, just prior to rupture, can beto be increasing in number with strain. This cracking
estimated based on a crack being considered as penigads concurrently to load shedding about the crack
shaped in an infinite elastic medium [11]. This proposalsites as straining continues as well as a reduction of the
suffers from the following limitations: there are mul- load carrying area of the specimen. A reduced speci-
tiple cracks present, even though they are fairly wellmen cross section due to plastic strain in conjunction
separated; the figures for crack length used are averagdth the reduced effective cross section due to cracking,
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A ment of strain, d, and if the material stress/strain curve

100k w is expressed in terms of the equation

o = oge" (3)

W Cleavage wheren, the work hardening exponent, atg] are con-
stants, then instability occurs at a strain equal [b3].
Binder To include the effect of internal cracking, all cracks
of relevance are assumed to occur normal to the ten-
sile axis, a fracture zone of width is assumed, as in
Fig. 3, and the crack area per unit volume is simply,
for the present analysis, assumed to be proportional to
Stress strain, or

Cumulative
Percent Cracked

v

Figure 2 Schematic of the cumulative percentage cracked, of the four Ac = Cie (4)
contributors to crack path, as a function of stress level. At the stress level

indicated by the vertical line, individual contributions to total crack area

in the material will come, in order, from W-W interfacial decohesion, Where A. is the area of cracking per unit volume, and
W-B decohesion and binder phase rupture. The overall percentage qt, is a constant for the material.

the cross section cracked will be a combination of those percentages Whilst a threshold strain for crack nucleation and
cracked through each mechanism, and the percentage each mechanism | tial boli lati hi
contributes to the sample cross section. a_more C_Omp ex exponenual or para_ olic rela |<_)ns Ip
with strain may be preferable, the linear relation of
and the load shedding associated with this, is beIievegﬁggtgjgnﬂ'C'rsaglfiarozrs'a;efl':qé{;gnl'g?gtc;;it:e_rshceagzr'ﬁy
to be responsible for initiating a cascade of individualdata available for t%is work is the crack deﬁsit at th)e/z
fractures across one narrow section within the sample, . . T y
oint of rupture in Table Ill and this is a parameter

During this cascade event, the fracture stress is readirIFarel reported in the literature. Taking the densitv of
exceeded at all possible fracture sites in that section. y rep ' 9 y

The process is shown schematically in Fig. 3 cracks in the zone of widtiD, as well as the reduc-

Failure in a conventional tensile test may be predicte(%ﬁgr:nesicf[fg Ig:ﬁ é%ﬁtri?]'m;]?eg]ﬁ ;ngugzirt::: vtvr:teh
through a simple instability criterion. This can be ex- 9 ying P

tended to a material which undergoes internal cracking‘f.’m increment of strain is given by

For the conventional analysis of instability in tension, dA

necking is predicted when the change in load carrying = de + DCyde (5)
capacity due to the reduced cross-section exceeds the

increased load carrying capacity due to increased sanGombining Equations 2, 3 and 5 leads to an instability
ple strength through work hardening, or at instability strain,e; given by

do  —dA o n
o - A @) “ T @+ DCy) ©

whereo is the stess, and is the area of the sample In this case the instability is due to an effective reduc-
Cross section. tion in cross section by both plastic strain and cracking,
In general where there is no internal cracking, theso thatload shedding and rupture may proceed by con-
right hand side of Equation 2 is equivalent to the incre-tinued crack nucleation across that section. Values of
C, can be obtained from Table Il by dividing total
crack area per unit volume by the rupture strényvas

ﬁ ﬁ assumed as equivalent to one tungsten grain diameter
cascade ﬂ andn obtained by curve fitting the material stress/strain
- L = . ™ — curves. Calculations using these parameters show that
— feml T o e l=T with this mechanism, rupture is possible in accord with
— T e O V... F ey Equation 6, at several percent strain less than the ex-
— ——-l = N el n pected value for necking.
s, P, —==_===""» The proposed mechanism of a cascade of nucleation
o T t events accounts for the transition from the distribution
- = — S - - of cracks in the bulk of the sample, as noted in Ta-
S _— ble Ill, to the utilisation of all available cracking sites
_— —_— I = on the fracture surface, Table I, with all of the weakest
- ﬂ - B - ﬂ tungsten-tungsten interface fracture sites being used.
Teasen In a sense the mechanism is one where a multitude of

crack bridges are rapidly severed, however at the onset
Increasing strain of the process there is more bridging than cracking for

Figure 3 Schematic representation of the evolution of internal crau:kingt_hese alloys. The mechanism does not require propaga-

with increasing strain and rupture by a cascade of crack nucleation eventdOn Of indi\_/idl_-'al _CraCk nuclei, and sees “bridges”_as
in a narrow zone of widttD. a last step in linking the large number of nuclei which

v
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appear rapidly within the fracture zone with a small 2.
increment of strain. The mechanism is consistent with
the observation of Rabin and German [9] that at high
tungsten contents such alloys fail below the “uniform
elongation” and with their conclusion that crack density
increases with plastic deformation till a catastrophic 4.

crack propagation mechanism occurs.
5.

6.
5. Conclusion ;
Data are presented on tensile fracture strain and UTS”
as a function of composition for ten tungsten alloys. A g
wide range of microstructural parameters are measured
using qualitative metallographic procedures and these®-
are used to understand the nature of cracking for th
different alloys. It is demonstrated that the tungsten-
tungsten interface is the weakest link and primary nu-.
cleation site for fracture, but that rupture occurs by loadt2.
shedding and a cascade of nucleation events utilising
all available sites in the zone of fracture as the final
step. A model is presented for the fracture process and
this is shown to be consistent with an analysis for ten-3.
sile instability based on reduction in area due to both
plastic strain and cracking within the sample.
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