
on the outer surface of the coating obtained by hot galva-
nization, in which the Fe-Zn alloy forms only a thin layer close
to the steel surface followed by a zinc layer of much greater
thickness (schematic picture in Figure 3(c)). In the case of
the galvanneal coating, the growth of the Fe-Zn alloy would
push the contamination toward the outer surface of the coat-
ing (Figure 3(d)), while on the galvanized coating, it would
remain at the Fe-Zn alloy/Zn interface (Figure 3(d)), and thus
be impossible to detect. This phenomenon is somewhat simi-
lar to other cases reported in the literature, e.g.,

1. that iron oxide films present on the steel surface are
ejected during galvanization into the zinc melt,

2. that these films are incorporated in the Fe-Zn alloy/Zn
interface,[13] and

3. that in Zn(Al) baths, the Fe2Al5 inhibiting layer is pushed into
the melt during the formation of the galvanized coating.[14]

The authors acknowledge the European support of this
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The Dependence of Cavity-Growth
Rate on Stress Triaxiality

P.D. NICOLAOU, S.L. SEMIATIN, and A.K. GHOSH

The hot working of metals is often accompanied by the form-
ation of internal cavities. The cavitation process can be divided
into three distinct, but usually overlapping, stages—nucleation,
growth, and coalescence. Moreover, the extent of cavitation
(e.g., cavity size and volume fraction) often exhibits a strong
dependence on alloy composition and microstructure as well as
on the imposed processing conditions (temperature, strain, strain
rate, stress state). The development of an understanding of cavi-
tation is important because it may limit hot workability as well
as have a deleterious effect on final service properties.[1–4]

The uniaxial tension test has been frequently used to study
cavitation in a number of materials including alloys of titanium,
aluminum, copper, lead, and iron. Such tests enable the deter-
mination of important damage parameters such as cavity-
nucleation strain, cavity-nucleation rate, and cavity-growth rate
as well as those processing conditions under which cavitation
is more or less severe. Although uniaxial-tension tests are rel-
atively simple to perform, the results from such experiments
are generally limited to the specific stress state characterizing
these tests. However, cavity growth is known to depend
markedly on the stress state and in particular on the ratio of
mean-to-effective stress (�M/�e). Given the importance of cavita-
tion during bulk hot working (e.g., forging) and superplastic
sheet forming, a quantitative relation describing the dependence
of the cavity-growth rate on stress state would be very useful.
To this end, extensive theoretical research has been conducted
to develop models of cavity growth. In additional, physical
modeling has been conducted to simulate cavitation behavior
under complex stress states; the majority of this work has
employed simulative workability techniques such as the notched-
tension test[5,6] and biaxial and plane-strain testing.[7]

The objective of the current work was to establish a correlation
between the cavity-growth rate and stress state by comparing
the predictions of different theoretical and phenomenological
models with each other as well as with experimental results
from several prior efforts reported in the literature. With such
a correlation, observations from simple tension tests can then
be used to predict cavitation characteristics under conditions
characterized by complex stress states.

Cavity growth models. For plasticity-controlled growth,
the relation that describes cavity growth is usually of the
following form:

[1]

in which r0 denotes the initial cavity radius, � is the true
strain, �nucl is the cavity-nucleation strain, and �ts is the cavity-

r � r0 exp [(h
ts/3) (� � �nucl)]
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Fig. 4—C1s and Ca2p high-resolution XPS spectra obtained on the sur-
face of pure Zn and galvanneal coatings.
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growth rate for an arbitrary stress ratio �M/�e. The nucleation
strain �nucl is the strain at which cavities can be detected by
optical microscopy, i.e., they have a size of about 1 �m. Equa-
tion [1] describes the growth of larger cavity sizes, i.e., over
1 �m. On the other hand, for smaller, submicron cavity sizes,
the interface-constrained plasticity model by Ghosh et al.,[8]

reveals that such cavities grow at much higher rates because
of high local hydrostatic stresses arising from plastic con-
straints. The increase of the cavity-growth parameter due to
stress triaxiality is proportional to a function of the ratio of
mean stress �M to effective stress �e, F(�M/�e); i.e.,

[2]

in which � denotes the cavity-growth parameter under uniaxial-
tension conditions.

Combining Eqs. [1] and [2], the following general relation-
ship is thus derived:

[3]

The function F(�M/�e) has been determined by Rice
and Tracey,[9] Thomason,[10] McClintock,[11] and Pilling and
Ridley[12] using theoretical and experimental approaches.
Rice and Tracey (RT)[9] considered a spherical void (cavity)
within a plastic, nonhardening, Mises material. The strain
field was determined from three contributions: (1) a uniform
strain field due to plastic deformation of the matrix; (2) a
spherically-symmetric strain field resulting from the change
of the void volume but no shape change; and (3) a strain
field (decaying at remote distances), which arises from
changes of the void shape but not its volume. The theoretical
analysis of RT revealed that the contribution of the change
of the cavity shape in the strain field is minimal; on the other
hand, the other two factors had a much more potent effect.
The RT model was modified by Thomason[10] in order to
take into account the change of size and shape of the initially
spherical void. Thomason’s model, which includes unilateral
contact constraint, differs from that of RT in that it predicts
a positive plastic dilatational strain under a pure deviatoric
stress state, while the original RT model predicts no dam-
age under these conditions. McClintock[11] proposed another
model, which predicts the growth of an elliptical hole in a
viscous material under an applied stress, assuming an axisym-
metric geometry.

Pilling and Ridley[12] conducted experimental investigations
to delineate the effect of the hydrostatic pressure on the cavity-
growth rate for two superplastic alloys that exhibited extensive
cavitation. Their work led to the following empirical relation-
ship for the variation of the cavity-growth rate with stress
triaxiality:

[4]

Comparison of models and experimental data. To obtain
a correlation between the cavity-growth rate and stress state, a
number of prior experimental observations[5–7,13–15] were col-
lected and analyzed. The data corresponded to a wide range
of materials (e.g., titanium alloys, aluminum alloys, steels, etc.)

h
ts � ha1/3 � 2 

sM

s
b

r � r0 exp c h
3

FasM

se
b(� � �nucl) d

h
ts � hF(sM/se)

deformed under different applied stress states (e.g., equibiaxial
tension, plane strain tension, uniaxial tension of notched speci-
mens, etc.) and processing conditions (i.e., temperature, strain
rate). From these prior measurements, a plot of the ratio of
the cavity-growth rate under triaxial and uniaxial stress con-
ditions (�ts/�) as a function of the stress-triaxiality ratio (�M/�e)
was made (Figure 1(a)). The increase in cavitation with stress
triaxiality, as depicted in Figure 1(a), contains some scatter,
the bounds of which are indicated by the shaded region. The
scatter band encompasses all but a few of the experimental
data points. Figure 1(a) also indicates a best-fit line through
the data.

The experimental-data scatter band was compared to trend
lines from the various models summarized previously (Fig-
ure 1(b)). The comparison showed that none of the models
provide precise predictions of the experimental trends. Never-
theless, the semiempirical model of Pilling and Ridley (PR)
mirrors the observed trend better than the other models. In
fact, the upper and lower limits of the experimental scatter
band follow the PR trend (Eq. [4]) when the latter is modi-
fied to include a factor Q, viz.:

[5]

Specifically, the experimental observations are bounded by
Eq. [5] using values of Q equal to 0.75 (lower bound) and 1.25
(upper bound).

Combining Eqs. [3] and [5], the general correlation of
cavity growth and stress state can be described by the fol-
lowing relationship:

[6]

Application. The efficacy of the correlation described by
Eqs. [5] and [6] was confirmed using two different sets of
cavity-size measurements. The first set came from experi-
ments involving a range of stress triaxialities developed during
notched-tension testing of a titanium alloy,[5] while the second
focused on results from the equibiaxial-tension testing of an
aluminum alloy.[7]

Measurements of the average diameter of cavities developed
during notched-tension testing of Ti-6Al-4V (with a colony-
alpha microstructure) at 815 °C and a nominal strain rate of
0.1 s�1[5] are plotted as a function of the stress triaxiality ratio
�M/�e in Figure 2. The individual data points correspond to
two different cavity-growth strain ranges, � � �nucl. For the
circular points, this strain range was between 0.10 and 0.16,
and for the square data points, it was between 0.19 and 0.25.
In addition, predictions for � � 6.5,[13] values of the constant
Q between 0.75 and 1.25, and the same levels of � � �nucl

(i.e., �0.14 and �0.22) are also shown in the graph as shaded
areas. It can be seen that the correlation of Eq. [6] bounds the
experimental measurements fairly well.

Measurements (data points) of the effective-strain depend-
ence of the average diameter of cavities developed during the
equibiaxial-tension testing (�M/�e � 0.66) of a fine-grained,
modified 5083 aluminum alloy containing Al-Mg-Mn at two
different strain rates[7] and a temperature in the superplastic
range are shown in Figure 3. Applying Eq. [6] for Q � 0.75

r � r0 exp c h
3

Qa1.3 � 2
sM

se
b(� � �nucl)d

h
ts

h
� Qa1/3 � 2

sM

se
b
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and 1.25, a cavity-growth rate in uniaxial tension of � � 3.2,[7]

and an assumed nucleation strain of zero (solid lines), it is
seen that this range of Q values bounds the observed data in
this case also, consistent with the earlier finding.

In summary, a broad correlation between the growth rate
of cavities developed during primary and secondary hot
working and the stress triaxiality was deduced. The trends
predicted by this correlation mirrored additional observa-
tions obtained during notched-tension testing of a titanium
alloy and equibiaxial tension of an aluminum alloy. The

upper bound of the correlation (Q � 1.25) can be used as
a process design criterion in industrial applications.

This work was conducted as part of the in-house research
activities of the Metals Processing Group of the Air Force
Research Laboratory, Materials and Manufacturing Directorate.
One of the authors (PDN) was supported under the auspices
of Air Force Contract No. F33615-00-C-5212.
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(a)

(b)

Fig. 1—Dependence of the ratio of the cavity-growth parameter under triaxial and uniaxial states of stress (�ts/�) on the stress triaxiality (�M/�e): (a) measurements
from the literature and (b) comparison of the scatter band from (a) with various model predictions.
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Fig. 2—Comparison of cavity sizes developed during notched-tension testing of Ti-6Al-4V as a function of stress triaxiality (data points) with the trends
derived from Eq. [6] (shaded bands).

Fig. 3—Comparison of cavity sizes developed during equibiaxial-tension testing of a fine-grained 5083 modified aluminum alloy as a function of effective
strain (data points) with the trends derived from Eq. [6] (lines).

25-E-Comm-03-98A-1.qxd  12/29/04  10:39 PM  Page 2190


