
JMEPEG (1996) 5:632-636 �9 International 

The Prediction of Fracture Toughness from Specific 
Microstructural Measurements in Engineering Alloys 

P.F. Timmins 

This paper reports on an investigation based on sharp-crack and blunt-notch toughness and micro- 
s t ructura l  measurements whereby toughness values are predicted from measuring the microstructural 
feature that dominates toughness. Three engineering alloys are investigated: pearlitic ductile iron, rail  
steel, and Zircodyne 7 (Zr-Nb). Examples of toughness prediction in engineering applicat ions are pre- 
sented in terms of specific microstructural measurements and phases dominating toughness and in terms 
of selecting and specifying alloys to meet service conditions. 
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1. Introduction 

MACROSCOPIC plane-strain elastic fracture toughness, Klc, 
and macroscopic plane-strain elastic-plastic crack growth 
toughnesses (Ref 1) are controlled by microscopic separation 
events that take place on a microstructural size scale (Ref 2). 
The notion that these events are governed by a "characteristic 
distance" in the microstructure is probably true (Ref 3), but 
only in the sense that this "distance" characterizes a specific 
microstructural feature that dominates the microstructure inso- 
far as it governs the macroscopic toughness parameter. This pa- 
per describes specific microstructures in three different 
commercial alloys and demonstrates the potency of  the "domi- 
nant" microstructural feature, in each case, in predicting tough- 
ness in sharp-cracked and blunt-notched tests. 

2. Experiment 

Details of the test procedures have already been reporied 
(Ref 1, 4, 7). Tests were performed on commercial  grades of 
various compositions of  pearlitic ductile iron, commercial- 
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Table 1 Compositions of alloys 

grade rail steel of near-eutectoid composition, and commer- 
cial-grade Zircodyne 7 (Teledyne Wah-Chang, Albany, Ore- 
gon) (Zr-Nb); the compositions are shown in Table 1. 

3. Results 

3.1 Pearlitic Ductile Iron 

In an early investigation into the effect of microstructural 
variables on the elastic fracture toughness of  pearlitic ductile 
cast irons, Holdsworth and Jolley (Ref4) reported values of  Klc 
for several such irons. Their Klc values, together with their 
microstructural information on the spheroidal graphite nod- 
ules/mm 2 for the five irons investigated, are shown in Table 2. 
The pearlitic irons were produced by air cooling after holding 
for6  h at 1173 K. 

The toughness results were obtained on fatigue precracked 
specimens 10 mm thick and 20 mm wide, loaded in three-point 
bending. The pearlitic ductile irons gave valid Kic data at 298 
K, as defined in ASTM E 399. The method of  measuring the 
area fraction of  graphite nodules was not described, but pre- 
sumably a standard metallographic technique was employed. 

The validity of the Holdsworth and Jolley data, presented as 
Fig. 1 in the present work, is in the linear nature of the relation- 
ship between the number of nodules/mm 2 and the elastic frac- 
ture toughness at 298 K. That is, the feature in the 
microstructure that has the greatest influence on the toughness 
is the area fraction of graphite nodules, rather than, say, the in- 
terlamella spacing of  the pearlite. This concept of  the predomi- 

Composition, % 
Iron C Si Mn S P Ni Mg lnoculant 

Pearlitic Ductile Irons (Ref4) 
1 
2 
3 
4 
5 

Rail steels 
Nominally 0.85 wt% C 

Zircodyne 7 (Zr-Nb) 
Nominally Zr-2.5wt% Nb 

3.64 2.38 3.35 0.016 0.024 0.88 0.072 l/4%Fe/Si 
3.62 2.41 0.34 0.016 0.024 0.83 0.064 ~2%Fe/Si + Bi 
3.63 2.42 0.32 0.016 0.024 0.083 0.010 l&%Fe/Si 
2.58 2.16 0.45 0.020 0.025 0.081 0.054 l/2%Fe/Si 
3.99 2.34 0.39 0.014 0.025 0.88 0.078 l&%Fe/Si 
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nant feature in the microstructure and the influence it has on 
toughness was introduced by Firrao (Ref 5) and later illustrated 
to be applicable to at least one other system, the Zr-2.5wt% Nb 
alloy Zircodyne 7 (Ref 1). 

3.2 Rail Steel 

The dynamic lower-shelf  Charpy impact  toughness of  
rail  steels of  various MnS inclusion levels and various inter- 
lamella  pearl i te  spacings was investigated at 233 K (Ref 7). 
The lower-shelf  level was found to be independent  of  non- 
metall ic inclusion content but dependent  on the inter lamella  
spacing of  the pearli te in these steels of  nominal  eutectoid 
composi t ion.  

The available data show the dependence of microhardness 
on pearlite spacing. Figure 2 reflects the lower-shelf  tough- 
ness dependence in rail steels (Ref 7), that is, the absolute 
level of  the lower-shelf  increases with decreasing spacing of  
the pearlite. 

3.3 Zircodyne 7 

The elastic-plastic fracture toughness of  Zircodyne 7 (Zr- 
Nb) was investigated at 298 K, and J-resistance curves were 
produced in accord with ASTM E 813, using 17 mm compacts 
in the following heat-treated conditions (Ref 1): 

�9 30% cold work + 24 h at 673 K, fast cool--"as-received" 
condition 

�9 Furnace cooled after 30 min at 1123 K 

�9 Water quenched after 10 min at 1273 K + 24 h at 773 K, fur- 
nace cooled 
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Fig. 1 Effect of area fraction of graphite nodules on toughness 
of ductile iron that was air cooled at 1173 K 

�9 Water quenched after 10min at 1143 K + 24 h at773 K, fur- 
nace cooled 

The microstructures resulting from the four heat-treated 
conditions investigated were in accord with those reported in a 
review by Northwood and Lim (Ref 6). That is, the morphology 
of the cz + 13 phases was altered by heat treatment, particularly 
in the furnace-cooled specimens and the quenched and aged 
specimens, but the dominant microstructural effect was the size 
and distribution of  the zirconium hydrides, which was also 
greatest in the furnace-cooled and the quenched and aged 
specimens. 

Sections were cut through the regions of  stable crack growth 
such that the crack profiles could be examined. For  each of  the 
four heat-treated conditions, an attempt was made to relate the 
microstructures to features observed on the fracture surfaces. 
The section through the stable crack growth region for the fur- 
nace-cooled specimen and the corresponding fracture surface 
are shown in Fig. 3. The similar sections for the specimen 
quenched from 1143 K and aged at 773 K are shown in Fig. 4. 
The hydrides formed during heat treatment dominated these 
microstructures and played a key role in the ductile fracture of  
the specimens. 

Table 2 Toughness/area fraction of spheroidal graphite for 
pearlitic ductile irons 

Klc, MPa~rm Graphite nodules/mm 2 Iron number(a) 

30.5 20.6 4 
31.5 37.2 1 
32 52.4 3 
33.5 ' 73.8 5 
34.75 106.8 2 

(a) From Table 1 
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(a) (b) 

Fig. 3 (a) Scanning electron micrograph showing ductile fracture. The arrowed circles enclose approximately three major voids to give a 
major void size of 12 lam. (b) Optical micrograph of a section cut through the stable crack growth region. The arrows indicate intergranular 
hydrides, the dominant microstructural feature causing the major voids. The hydride filaments are about 12 p.m long. 

(a) (b) 

Fig. 4 (a) Scanning electron micrograph showing ductile fracture. The arrowed circles are of the same diameter as the major voids, ap- 
proximately 36 Ixm. (b) Optical micrograph of a section cut through the stable crack growth region. The arrows indicate massive hydrides 
and a sheared-out hydride interface, the dominant microstructural feature causing the major voids. The hydride filaments are about 36 to 40 
pm long. 

4. Discussion 

The dominant microstructural feature that governs the 
plane-strain elastic fracture toughness of pearlitic ductile iron 
is, without a doubt, the area fraction of  graphite nodules. This is 
true irrespective of  the precise mechanisms taking place in 
some "process zone" ahead of  the advancing crack tip and irre- 
spective of  what some notion of "microscopic" toughness 
might be (Ref 3). By the same token, the dominant micro- 
structural feature that governs the Charpy blunt-notch lower- 
shelf touglmesses of  rail steels is the interlamella spacing of  the 
pearlite. 

Both these microstructures contained large volumes of  dif- 
ferent phases. The pearlitic ductile iron contained pearlite and 
nodules of  graphite. The near-euctectoid rail steels contained 
massive MnS stringers and pearlite. For these two materials, 
which failed in a brittle manner, the "dominant" micro- 
structural features are clearly defined: graphite in the iron and 
pearlite in the rail steel. 

Regarding the elastic-plastic toughness behavior of  Zir- 
codyne 7 (Zr-Nb), much attention was paid to the "void diame- 
ter" in the experimental approach (Ref 1). Figures 3 and 4 
illustrate the need for both SEM and optical microscopy of  the 
fracture surface in deciding which characteristic feature of  the 
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fracture surface and the microstructure gives rise to the void di- a (Kic) 2 
ameter that is appropriate for a given ductile fracture process. 
In Fig. 3 the appropriate void size is that which corresponds to 
the finer hydrides that act as void nuclei in this matrix. In Fig. 
4, the appropriate void size is that which corresponds to regions From Ref 8: 
of material that have been "sheared out" of the fracture surface 
as a consequence of easy separation along the massive hydride- 
matrix interfaces. 

This concept of attributing ductile fracture to events involv- 
ing a "major void diameter" (i.e., that associated with the domi- 
nant microstructural feature), proposed by Firrao (Ref 5), is in 
keeping with the observations and measurements made for de- 
fining a microstructural feature that characterizes the ductile 
fracture mechanism of Zr-Nb subjected to various heat treat- 
ments. Clearly the magnitude of the "major void diameter" var- 
ies with microstructure. In Fig. 3 the major void diameter is of 
the order of 12 lam, whereas in Fig. 4 it is of the order of 36 lam. 
The smaller the value of "major void diameter," the greater the 
crack growth toughness (Ref 1 ). 

From a predictive capability standpoint, the tough- 
ness/dominant microstructural feature relationships have dis- 
tinct advantages in the areas of design and failure control. In and 
pearlitic ductile iron, consider now the exploitation of the rela- 
tionship in Fig. 1 in the defect tolerance analysis of, for exam- 
ple, a valve body in a Christmas tree for use on the oil patch. Let 
the number of graphite nodules/mm 2 be 20, the residual stress 
in the valve body be 120 MPa, and the proof stress be 550 MPa. 
From Fig. 1, Kit is 30.5 MPa'~-m. Determine the tolerable defect 
size with the aspect ratio of the crack as follows: 

a 1 
2c - 10 

30.5 x 30.5 

r - 1.21~02 - 1.21 x ~ x 120 x 120 
- 0.01699 m 

0=1.1 
a = 18.77 mm 

The defect must be more than 18.7 mm deep before fracture 
would occur. However, the customer has specified that the safe 
defect size must be greater than 20.0 mm. Thus, from Fig. 1, the 
microstructure giving rise to an increased elastic fracture 
toughness must be employed. A microstructure containing ap- 
proximately 70 nodules/mm 2 would give a toughness level of 
33 MPa~-m-m. As before: 

a (KIc)2 33 x 33 
- 0.01989 m 

r  1 . 2 1 g o  2 - 1.21 x ~ x 120 x 120 

~=1 .1  

a = 21.88 mm 

Thus, the safe defect size is now 21.88 mm, in keeping with the 
customer specification of 20.00 mm minimum. 

In rail steels, consider what would be specified for the safest 
rail operating in, for example, a Canadian winter, where tem- 
peratures can fall to 233 K (-40 ~ Clearly the rail with the 
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smallest interlamella spacing of pearlite, say 0.10 lam (from 
Fig. 2) should be selected. 

Finally, by plotting the void diameter associated with the 
dominant microstructural feature against the critical crack 
length, a very potent engineering relationship resulted for Zir- 
eodyne 7 (Zr-Nb), as shown in Fig. 5. This is the ability to pre- 
dict the critical crack length of  Zr-Nb pressure tubes from a 
knowledge of  the void diameter in the stable crack growth re- 
gion of  17 mm compact test specimens. Careful control of  zir- 
conium hydride size and distribution can give rise to a critical 
crack length of  up to 100 mm in pressure tubes manufactured 
from this material. 

5. Conclusions 

�9 Precise knowledge of  the dominant feature in three differ- 
ent alloys of different microstructures yielded the ability to 
predict fracture toughness. 

�9 Closer control of the failure behavior of components can be 
imposed if the relationships between microstructure and 
fracture toughness are defined. 

�9 These relationships appear to be alloy specific, and their 
definition for a wide range of alloys should appeal to re- 
searchers in this field. 
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