
Prediction of Crack Deflection in
Titanium Alloys with a Platelet Microstructure

N.L. Richards

(Submitted March 9, 2004)

Comparison has been made of the crack path through a conventional solution heat-treated and aged
microstructure in two titanium alloys with that of a double-heat-treated microstructure containing �
platelets. Crack-opening displacement calculations from theory developed in the literature were used to
predict the crack path based on deflection past the platelets, or cutting through the � platelets, based on
the minimization of energy needed for the crack to propagate through the microstructure.
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1. Introduction

Beta forging has been used by the titanium industry since
the 1960s to increase the fracture toughness of �-� titanium
(Ti) alloys relative to forging below the � transus. Coyne (Ref
1), for example, reported an increase in fracture toughness
values for alloy Ti-6Al-4V from 44 to 55 MN/m3/2 to 66 to 77
MN/m3/2, without any reduction in tensile strength, though re-
duction in area values dropped from 38 to 25%. In addition,
several authors (Ref 2-5) have investigated the influence of
grain shape change from equiaxed to acicular, with the general
trend showing an increase in fracture toughness accompanied
by a reduction in tensile ductility. Fentiman et al. (Ref 6)
investigated the effect on fracture toughness in a Ti-11Sn-
2.25Al-4Mo-0.2Si �-� alloy, in which the acicular structure
had higher toughness than the equiaxed one at strength levels
up to 1240 MN/m2. With a similar microstructure in a Ti-6Al-
6V alloy (Ref 7), a toughness increase of 40% was achieved
with only a 5% reduction in strength. Margolin and Greenfield
(Ref 8) showed that the change in �Kq for a Ti-5.25Al-5.5V-
0.9Fe-0.5Cu alloy was related to the thickness of the � grain
boundary � of �-processed material.

Eylon et al. (Ref 9) investigated a forged near � Ti-11 alloy,
above and below the � transus that showed a 70% increase in
toughness with no effect on the tensile properties in the water-
quenched condition. A previous article (Ref 10) discussed the
behavior of Ti using a combination of forging above and below
the � transus on two Ti alloys, combined with solution heat
treatment also above and below the � transus. The heat treat-
ment was referred to as a double heat treatment (DHT) and
resulted in increased levels of fracture toughness in both alloys,
one by 100% (alloy A) and the other by 25% (alloy B). On
average, strength parameters were reduced by about 5%, with
ductility values being 50 to 75% of the conventionally solu-

tion heat-treated and aged alloy. Thus, it can be seen that �
forging is beneficial to fracture toughness values, as well as
improved forgeabilty in practice, combined with shorter fabri-
cation cycles and closer tolerances (Ref 11).

The present article is concerned with a quantitative analysis
of the potential of the � platelets to deflect, or not deflect, a
propagating crack and, as a consequence, will attempt to ex-
plain the reason for the DHT microstructure to show higher
fracture toughness values compared with the conventional
equiaxed microstructure.

1.1 Development of Analysis Methodology

By influencing the morphology of the microstructure of the
two alloys via forging and heat treatment, the percentage of �
and �, as well as their shape, can be varied. The � phase, for
example, is softer than the � phase and, thus, is tougher. Vary-
ing the thickness of the � phase by thermomechanical process-
ing also influences the crack propagation behavior of the al-
loys.

Goodier and Field (Ref 12) have analyzed the crack tip
displacement and shown that the critical crack-opening dis-
placement (COD), �c, at the elastic-plastic boundary can be
estimated by:

�c =
8�ys c

�E
ln �sec��

2�ys
� (Eq 1)

In this equation, E is Young’s modulus, c is the half crack
length, � is the nominal stress, and �ys is the material yield
stress. At low values of T/�ys (<0.6), Eq 1 can be reduced to:

�c =
�K 2

2 E�ys
(Eq 2)

where K is stress intensity factor. Wells (Ref 13) has also
developed an expression for �c as:

�c =
4K 1

2

��ys
(Eq 3)
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with K1 indicating the opening mode. Under plane strain con-
ditions, this equation can be written as:

�c =
4K 1c

2 �0.61�

��ys
(Eq 4)

The 0.61 factor is a correction term for a plane strain von Mises
material (Ref 14). In the present analysis, use will be made of
the equation of Wells (Ref 13), with the only difference being
in the numerical values between the two equations.

At a point ahead of the crack tip, Hahn and Rosenfield (Ref
15), following Goodier and Field (Ref 12), give the displace-
ment �x as:

�x =
�k + 1� c�ys

8�G
+ cos � log

sin2��2 − ��

sin2��2 + ��
+ cos �2 log

�sin �2 + sin ��2

�sin �2 − sin ��2

(Eq 5)

In Eq 5, G is the shear modulus, �ys is the yield stress in the
plastic zone, k is equal to [(3 – 	)/(1 + 	)] for plane stress
conditions and (3 to 4 	) for plane strain conditions, � is equal
to the cos−1(x/c), where c is the half crack length + 2ry and ry

is the diameter of the plastic zone, and �2 is equal to the product
(�/�ys)(�/2).

Hahn and Rosenfield (Ref 15), from Eq 1, were able to
determine a normalized displacement based on �x/�c. Gerberich
and Baker (Ref 7) also used this approach to successfully pre-
dict crack deflection in a Ti-6Al-4V alloy having an acicular
microstructure.

Using the equation of Wells (Ref 13) (Eq 4 from above) to
predict �c, and the normalized displacement parameter of Hahn
and Rosenfield (Ref 15), it is possible to predict the crack
deflection behavior in the two alloys using the following se-
quence of calculations:

1. Calculate from the Wells equation, the appropriate �c value,
using the fracture toughness data and mechanical properties
evaluated in the experimental section.

2. From the Hahn and Rosenfield approach, evaluate (�xDHT/
�cDHT) as (�xDHT/�cDHT � L/2ry), and calculate �xDHT, the
�x value being the length of the microstructural parameter L
ahead of the crack tip. In a previous article (Ref 10), an
average value for L was determined where a measure of the
� platelet of 45° to the main axis of the crack was used.

3. Calculate �cm, the matrix �c value, from parameters deter-
mined in the experimental section.

4. Compare �xDHT with �cm. If �xDHT < �cm, then the crack will
deflect past suitably inclined � platelets. Otherwise, if less
energy is expended in cutting through the platelets, then the
crack will propagate straight ahead and not deflect.

2. Experimental

The compositions of the two alloys are shown in Table 1.
Both alloys were received as 10 cm square billets. Forging of
the alloys was carried out from 950, 1050, and 1125 °C with
forging reductions of about 70%. Blanks were cut from the
forgings and were heat treated as follows for the DHT.

2.1 Alloy A

1(a): Cool from 1040 to 675 °C at 32 °C/h. Preliminary tests
showed that cooling below 700 °C precipitated sufficient
� platelets.

1(b): Solution heat treat at 800, 900, and 950 °C, air cool, and
then age at 500 °C for 24 h.

2: As in 1(a) and then solution heat treat at 800, 850, and
900 °C, oil quench, and age.

2.2 Alloy B

Cool from 1020 to 675 °C at 32 °C/h. Solution heat treat at
800, 875, and 950 °C, water quench, and then age at 510 °C for
8 h.

The 32 °C/h controlled cooling rate was shown previously
to produce the type of microstructure suitable for investigating
the variation in volume fraction of phases with suitable � plate-
lets for toughness-microstructural examination (Ref 10). Frac-
ture toughness testing was carried out in accordance with
ASTM E 399 using three-point bending specimens with a span-
to-width ratio of 4 to 1. Three test samples were tested at each
temperature, two to evaluate fracture toughness and one for
microstructural examination of the plastic zone ahead of the
crack.

Optical metallography was carried out using standard metal-
lographic procedures with a final etch in Kroll’s reagent
(2% HF, 10%, HNO3, 88% water). Accentuation of the trans-
formed � phase was accomplished using 0.5% HF after the
Kroll’s reagent etch. Scanning electron microscopy (SEM) was
used as the main metallographic technique. Quantitative metal-
lographic parameters were measured automatically using im-
age analysis.

Tensile testing on the solution heat-treated alloys was car-
ried out using round tensile specimens and procedures outlined
in ASTM E 8. Yield strength is reported as the 0.2% extension
along with ultimate tensile strength and percentage elongation
in 25 mm. Young’s modulus was measured ultrasonically from
measurement of the longitudinal and transverse wave veloci-
ties.

The volume fraction of voids in the plastic zone ahead of the
tip on fracture test pieces was carried out manually by point
counting on SEM micrographs. In alloy A, approximately 500
points were used to determine the void fraction, but, due to the
increased toughness of alloy B relative to alloy A, measure-
ment of a reasonable fraction of the voids in alloy B was not
possible.

3. Results

Figure 1(a) to (d) shows the conventional solution heat-
treated (SHT) and aged (SHT/A) and DHT and aged (DHT/A)

Table 1 Chemical composition of alloys, in weight
percent

Alloy Al V Fe C O N

Alloy A 6.15 3.97 0.08 0.03 1800 ppm 82 ppm
Zr Mo Cu Si

Alloy B 6.0 5.0 4.0 1.0 1200 ppm 0.2

92—Volume 14(1) February 2005 Journal of Materials Engineering and Performance



microstructures for both alloys A and B. In the SHT/A condi-
tion, alloy A (Fig. 1a) consists of equiaxed � (light) and the
associated transformed � (dark). In the DHT condition (Fig.
1c), a composite type structure is formed with alternating � and
transformed � phases, with the � phase exhibiting a platelet
shape. The volume fraction and thickness of the � phase is
determined by the prior processing history that is, whether it is
�/� or � processed, and the subsequent solution heat treatment
temperature. Prior � grain boundaries were covered with pre-
cipitated �, and, within the prior � grains, colonies of � and

transformed � were observed to be inclined at various angles to
each other. Within the colonies, the platelets were of similar
orientation.

Alloy B in the SHT/A condition (Fig. 1b) consists of
equiaxed � in a transformed � matrix. The DHT/A treatment of
alloy B resulted in a similar microstructure to alloy A, with �
platelets in a matrix of transformed � (Fig. 1d). Also shown in
Fig. 1(c) and (d) are crack paths through the microstructure.

Figure 2 shows the fracture toughness-percent void relation-
ship for void fractions adjacent to propagating cracks. The

Fig. 1 SEM micrographs of microstructure and crack paths: alloys A and B. (a) STA microstructure and crack path: alloy A. (b) STA micro-
structure and crack path: alloy B. (c) Crack deviating around � platelets: alloy A. (d) Crack propagating through microstructure: alloy B
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relationship between fracture toughness and yield strength was
expected to be an inverse relationship, and, as can be seen in
Fig. 3(a) and (b), this occurred for both alloys. Graphs of K1c

versus � platelet thickness and interplatelet (�) spacing are
shown in Fig. 4(a) to (d). As can be seen, the toughness in-
creases directly with the � platelet thickness and inversely
with the platelet spacing in both alloys. Young’s modulus val-
ues for alloys A and B were measured as 117 and 110 GPa,
respectively.

3.1 Quantitative Crack Deflection Analysis

Using the analysis developed earlier, and the data generated
from these experiments, it is possible to examine the effects of
the heat treatments on the passage of a crack through the mi-
crostructure. From Fig. 4, the size, volume fraction, and dis-
tribution of the � phase are seen to directly affect the fracture
toughness of the alloys. Quantitatively, therefore, the � platelet
size and spacing influence the toughness of the alloys, and,
thus, the metallographic parameters should also influence crack
direction as it propagates through the microstructure. Intu-
itively, one would expect the crack to take the path of least

resistance, and thus, if a crack meets an � platelet of suitable
thickness and inclination, it may be energetically favorable for
the crack to deflect past the platelet, rather than cut it.

3.2 Potential for Crack Deflection: Alloy A

Comparison can be made for a conventionally SHT/A ma-
terial with a DHT/A alloy at the same solution heat treatment
temperature. Table 2 shows heat treatment details, as well as
the fracture toughness, yield strength, and microstructural pa-
rameters. For the SHT/A matrix (alloy A1) using Eq 4, and
with �cm equal to the matrix COD:

�cm =
4K 1c

2 �0.61�

��ys
(Eq 4)

Using the parameters from Table 2, �cm is equal to 2.7 
m in
plane strain. For alloy A in the DHT/A condition (alloy A2),
and making a similar calculation, �cDHT is equal to 7.1 
m.
From the analysis of Hahn and Rosenfield (Ref 15), if one
equates the distance ahead of the crack tip to a microstructural
parameter, as illustrated in Fig. 5, and then normalize the
length L to the plastic zone size, then �xDHT/�cDHT can be
evaluated. The microstructural parameter that gave the best fit
the experimental data for alloy A was √2(��+ ��).

The plastic zone diameter 2ry was calculated from the equa-
tion of Irwin (Ref 16):

2ry =
1

3� �K1c

�ys
�2

From the quantitative microstructural analysis for alloy A2, the
average �� value at 36 MPa√m is 5.8 
m with �� equal to 3.1

m. Consequently, √2(��+��) is equal to 12.6 
m. Thus, sub-
stituting these values into:

L

2ry
=

�2��� + ���

2ry

yields a value of 0.13.Fig. 2 Fracture toughness versus percentage of voids

Fig. 3 Yield strength versus fracture toughness. (a) Alloy A. (b) Alloy B
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Using a nominal value of 0.25 for �/�ys in plane strain
(from Ref 15) at L/2ry = 0.13 gives:

�xDHT

�cDHT
= 0.74 and �xDHT = 0.74 × 7.1 
m or 5.2 
m

Thus, at a distance 12.6 
m ahead of the crack tip in the
DHT/A microstructure, �xDHT � 5.2 
m, compared with the
transformed � matrix value of 2.7 
m for the SHT/A alloy. In
theory, therefore, as �xDHT > �cm, the crack should cut through
the � platelet. Thus, for alloy A2, Fig. 6(a) shows a crack
propagating across � platelets at about 90° to the crack front.

Similar calculations for other toughness values for both al-
loy A and alloy B are shown in Table 2.

3.3 Analysis Based on Void Volume Fraction
A complementary analysis to the above can be obtained

from the void volume fractions in the plastic zone ahead of the
crack tips. Using Fullman’s formula for void spacing, �v is
equal to (1 – f )/NL, where f is the volume fraction and NL is the
number of intercepts per unit length. From the quantitative
analysis of the microstructural features, the �v spacing in alloy
A ranged from 12 to 29 
m. From Fig. 2, these void fractions
equate to the microstructural data shown in Table 2. Using the
Hahn and Rosenfield (Ref 15) approach, Table 2 shows the
relevant COD values.

Fig. 4 Fracture toughness versus microstructural parameters. (a) and (b) Alloy A. (c) and (d) Alloy B

Table 2 Summary table for crack-opening displacement

Alloy
K1c

MPa√m Heat treatment
Yield strength,

MPa
��,
µm

��,
µm

L,
µm

2ry,
µm

�cDHT,
µm

�xDHT,
µm

�cm,
µm

A1 22 SHT/A: 900 °C/AC + aged 1158 … … … … … … 2.7
A2 36 DHT/A: 1050 °C/900 °C AC + aged 1210 5.8 3.1 12.6 94 7.1 5.2 …
A3 41 DHT/A: 1125 °C/900 °C AC + aged 1161 8.2 2.6 15.3 132 9.6 7.5 …
A4 27 DHT/A: 1125 °C/900 °C OQ + aged 1254 5.7 3.6 13.2 49 3.9 2.0 …

44 DHT/A/�v 1162 11.3 1.6 18.2 152 11.0 9.7 …
A5 25 DHT/A/�v 1259 2.5 4.8 10.3 42 3.3 1.9 …
B1 51 SHT/A: 950 °C/WQ + aged 1068 … … … … … … 17.2
B2 62 DHT/A: 1050 °C/950 °C + aged 1020 5.4 7.3 25.6 392 26.6 23.4 …
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From Table 2, for the 12 
m void spacing (K1c � 44
MPa√m), and as �xDHT > �cm, crack deflection would not be
likely. The main crack in this case would be expected to cut
through the platelets. In the case of the 32 
m void spacing,

(K1c � 25 MPa√m), �xDHT < �cm, and the crack would be
expected to deflect past the � platelet on average.

3.4 Potential for Crack Deflection: Alloy B

Similarly to alloy A, the above analysis can be extended to
the tougher alloy B. Compilation of all the relevant microstruc-
tural data for alloy B is shown in Table 2 along with the
relevant mechanical property data for the standard SHT/A con-
dition and corresponding DHT/A condition.

For the DHT/A condition, the average �� and �� values are
5.4 and 7.3 
m, respectively. For alloy B, the microstructural
unit that was used in Ref 10 was √2(2�� + ��) as a consequence
of the increased toughness of this alloy relative to alloy A.
Using the above values for �� and ��, √2(2�� + ��) is equal to
25.6 
m. The �cm value from the equation of Wells is 17.2 
m
with the corresponding �xDHT value equal to 23.4 
m. As
�xDHT > �cm, on average, the crack is likely to propagate across
the platelets rather than deviate past them. Figure 1(d) shows
several platelets being cut by the crack. Also shown is crack
deviation past the platelets depending on local microstructural
conditions. In both cases, however, increased energy is needed
to either cut through the tougher � phase, or increase the crack
path length, leading to higher fracture toughness values for the
DHT/A alloys.

4. Discussion

In the SHT/A condition, the path of the crack is essentially
perpendicular to the stress axis with the crack (Fig. 1a, b),

Fig. 5 Schematic of interaction of crack tip with a DHT/A micro-
structure

Fig. 6 Crack path through DHT/A microstructure: alloy A. (a) Crack propagating through � platelets in DHT structure. (b) Primary and secondary
cracks in DHT
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deviating only slightly in its path through the microstructure.
On the other hand, a major consequence of the DHT/A (Fig. 1c,
d) is a change in microstructure of both alloys from equiaxed
morphology for the phases to an acicular structure, especially
for the � phase. Consequently, the DHT/A microstructure con-
sisted of alternate platelets of �, separated by the transformed
� phase. A propagating crack, therefore, during fracture tough-
ness testing would encounter a spectrum of � platelets at angles
from 0 to 90° as it traversed the microstructure. Such an ob-
servation has been made by Margolin and Greenfield (Ref 8)
and Gerberich and Baker (Ref 7). The consequence of the
acicular � phase is, thus, to create an obstacle to the propagat-
ing crack, resulting in two options for further propagation de-
pending on the energy level. In the first instance, when a crack
meets an � platelet(s) it may deflect past the platelet, as in Fig.
1(c) and in part as in Fig. 1(d), or cut through the platelets, as
in Fig. 6(a). The thickness of the platelet and the spacing be-
tween the platelets control the toughness and the path of the
propagating crack through the microstructure. Widely spaced �
platelets and thin platelets, as achieved by variations in the
solution heat treatment temperatures, result in fracture tough-
ness values of < 30 MPa√m. On the other hand, lower solution
heat treatment temperatures result in thicker, more closely
spaced platelets, leading to tougher microstructures, and con-
sequently, more tortuous crack paths.

The reason that � platelet thickness is important (Fig. 4a, c)
is that the � phase is tougher than the transformed � matrix,
and thus, more energy is needed to cut through the � phase,
especially if the aspect ratio of the platelets is large. Thus, if the
�xDHT value ahead of the crack tip is not sufficiently high for
the crack to propagate through the � platelet (a function of
platelet thickness), then the path of least resistance is most
likely via the �/� interface. On the other hand, if �xDHT > �cm,
then the COD ahead of the propagating crack will be sufficient
for cutting through the � platelet. In addition, the spacing be-
tween the platelets also contributes to the toughness by con-
straining void growth between the platelets. Invariably, void
formation occurs at the �/� interface (Fig. 6a), and a small ��

value leads to increased toughness (Fig. 4b, d).
The above discussion is, however, only qualitative. The

quantitative approach using the COD enables one to understand
the contributions of the � platelet thickness and the interplatelet
spacing. Previous research by Gerberich and Baker (Ref 7) and
by Hahn and Rosenfield (Ref 15) has shown that if �xDHT <
�cm, then the crack will deviate past the � phase. If the opposite
occurs, then the crack will cut through the platelet(s).

The data in Table 2 for alloy A reflects three situations
where the COD values can be compared:

• The theory predicts the correct result.
• The theory fails.
• Values are too close to differentiate deviation or cutting of

the � phase.

In the case of the first situation, theory predicts that �xDHT >
�cm, and this is corroborated by Fig. 6(a), which is a micro-
graph from alloy A2. Case 2 is typified by Fig. 1(c) in which,
instead of cutting through the � platelets, the crack deviates in
a tortuous manner past them. This apparent failure of the theory
is related to the path of least resistance through the microstruc-

ture. In this case, the aspect ratio of the platelets locally is low,
and thus, the crack spends less energy deviating past the plate-
lets rather than using more energy to cut through them. The
final example is case 3 in which both COD values are close and
low. In this case, the local microstructure (e.g., Fig. 6b) shows
the crack cutting � platelets, but a subcrack propagates be-
tween a colony of vertically oriented platelets and others per-
pendicular to the main crack.

For alloy B, theory predicts cutting of the � platelets as
�xDHT > �cm. Figure 1(b), however, shows both cutting and
deviating occurring depending on the local microstructure and
energy minimization requirements. The crack traveling from
the top to the bottom of the micrograph initially deviates along
the �/transformed � interface. It then cuts back across platelets
at 90° before returning to the main axis of cracking.

A final comment is needed relative to the results. It is not
proposed that the Hahn and Rosenfield (Ref 15)/Goodier and
Field (Ref 12) theory and the equations used in the article are
highly accurate. The size of the plastic zone, for example, is not
easily evaluated and depends on the degree of work hardening
and the actual stress conditions, as well as the effects of crack
blunting. The theory is, however, useful in comparing crack
behavior. From the results, it can be seen that by comparing the
SHT/A COD values with the DHT/A values, that reasonable
assumptions about how and why the crack takes a particular
path are reasonably predictable. Qualitatively, one can see that
the � platelet size and morphology can be rationalized relative
to its role, as well as its spacing relative to crack propagation,
and the role of the DHT/A microstructure in increasing fracture
toughness in Ti alloys.

5. Conclusions

An investigation of the COD predictions ahead of a crack in
SHT/A microstructure of two Ti alloys relative to the DHT/A
microstructure has shown:

• The DHT/A produces a microstructure with � platelets in
a transformed � matrix.

• The SHT/A microstructure, on the other hand, consists of
equiaxed � in a transformed � matrix.

• Due to the DHT/A microstructure, crack propagation oc-
curs either by deflecting past suitably oriented � platelets,
or by cutting through them.

• In both cases, energy is expended, either in deviating past
the � platelets or cutting through them.

• COD predictions based on an analysis of the Hahn and
Rosenfield (Ref 15) and Goodier and Field (Ref 12) ap-
proaches is quantitatively capable of differentiating the
relative cracking behavior of microstructures having vari-
ous fracture toughness levels.

• The reasons for the theory not being able to predict correct
cracking behavior are related to the aspect ratio of the �
platelets in a three-dimensional microstructure.
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