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A steady-state creep equation is commonly used in the analysis of superplastic forming or other elevated
temperature forming processes. However, in Hot Metal Gas Forming of tubes, the effective stress increases
as tube diameter expands and wall thickness decreases, and a steady-state creep condition does not exist.
Thus, non-steady-state creep behavior of materials becomes important. This paper presents some experi-
mental results on transient creep behavior of a magnesium alloy, and provides an analysis on transient
creep behavior and its application in tube forming mechanics. It is verified that non-steady-state creep plays
important role in the gas tube forming at elevated temperatures.
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1. Introduction

In recent years, significant progress has been made in
developing lightweight materials and automotive body struc-
ture manufacture techniques, in order to reduce energy
consumption and environmental pollution, and to increase
vehicle structural reliability and safety. Lighter weight struc-
tures are now to be made from light metals such as aluminum
and magnesium alloys, and from various advanced high-
strength steels (Ref 1). Common problems related to the
application of these advanced materials include their relatively
poor formability and high raw material cost. To overcome
these two major barriers several thermally activated forming
techniques have been developed, for example Quick Plastic
Forming (QPS) (Ref 2), Hot Metal Gas Forming (HMGF)
(Ref 3), and Hot Stamping (Ref 4).

The flow behavior and formability of metals under thermal
activation are dependent not only on strain path during
forming, but strain rate and temperature as well. Microstruc-
tural evolution during deformation at elevated temperatures
further increases the complexity of the process. On the other
hand, due to the high strain rate and temperature sensitivity of
materials, it provides new means and opportunities for better
control of metal flow and better product design. In order to
take full advantage of thermal forming, it is of vital
importance to understand material flow behavior at elevated
temperatures.

In the traditional superplastic forming process that has been
widely adopted in aerospace and aircraft component forming,

the strain rate is usually in the order of 10)3 s)1, so that the
total creep deformation is mainly controlled by steady-state
creep, while the primary creep has limited effect. However, at
higher strain rate, say above 10)1 s)1, which is often required
for large-volume manufacturing such as that in automotive
application, the forming cycle time is in a few seconds up to
1 min, within which a steady-state creep condition may not be
reached, and the contribution of the primary creep to the total
deformation can not be ignored.

The current author was previously involved in the initial
development of HMGF process (Ref 5, 6). In this process a
tubular or hollowed component is bulged under a gas pressure
to against the ceramic die cavity wall. The workpiece is
inductively preheaded inside the die through the embedded
induction coil underneath the ceramic die surface, allowing
rapid heating of the workpiece without heating up the die. The
primary controlling parameters for the HMGF process are: the
gas pressure profile p(t), the temperature profile and distribution
T(X, t), and the end-feeding velocity profile V(t) or force profile
F(t), where t is the forming time and X is the location of the
workpiece. In tube HMGF, the hoop stress of the tube is not
constant even though a constant gas pressure may be applied,
due to a continuous increase in tube diameter and decrease in
wall thickness. As a result, the material creep deformation is
achieved not under a constant applied stress, but under a
condition involving significant change of applied stress within a
relatively short forming time. It was found that analysis based
on a steady-state material equation obtained from tensile test
often fail to correctly predict forming time. Among many
uncertainties involved in hot deformation, the effect of primary
creep on deformation rate can be one of possible root causes
that deserve a careful investigation.

In this paper, the main objective is to provide an early
assessment on the contribution of transient creep to the total
deformation in HMGF, and the factors affecting the transient
creep. For this purpose, a review of classical theory of primary
creep will be reviewed first. Then a simple kinetic model is
used to analyze the transient stress development. With these
preparations, the transient creep behavior of an Mg AZ31 tube
material is analyzed and the transient kinetics is experimentally
investigated. Finally, the HMGF mechanics with and without
consideration of transient creep behavior are analyzed and
compared.
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2. Background

2.1 Steady-State Creep

At elevated temperature (T> 0.4Tm, where Tm is the melting
point), plastic deformation of polycrystalline materials may be
controlled by various mechanisms that may be divided into two
main categories of dislocation creep and diffusional creep.
Extensive research has been conducted on the atomistic creep
equations based on different rate-controlling processes. Ashby
and Verrall (Ref 7) summarized various deformation mecha-
nisms and proposed a deformation mechanism map. As they
pointed out, the deformation behavior of solids is determined
by the kinetics of the processes occurring on the atomic scale.
The creep rate can be represented by a general rate equation,

_e ¼ A
DGb
kT

b
d

� �p r� r0

G

� �N
; ðEq 2:1Þ

where k—The Boltzmann�s constant; ro—Threshold stress for
creep; b—Burger�s vector;D—Diffusivity through various paths
indicated by a subscript: gb—grain boundary, p—dislocation
pipe, L—lattice, sol—solid solution. The temperature depen-
dence of the diffusivity is given by D ¼ Doexpð�Q=RTÞ, where
Q is activation energy and R is the gas constant (= 8.31 J/K);
G—the shear modulus and Young�s modulus; d—Grain size, and
p; N, p and A—the dimensionless material constants. N is the
reciprocal of the strain rate sensitivity m (m = 1/N). Depending
on the dominating deformation mechanisms under the regimes
of applied stress, grain size, and temperature, the ranges ofN and
p values are different: At a high stress and strain rate material
flow is controlled by plastic flow. At intermediate stresses, power
law creep is the dominant mechanism, which gives N = 3-5 and
p = 0. While at relative low stresses, either grain boundary
diffusion or volume diffusion is the dominant mechanism. At
relatively high stress, if grain size is large, there is no grain size
dependence (or p � 0), but for a relatively small grain size there
is an inverse dependence on d (p � 2) for volume diffusion and
p � 3 for grain boundary diffusion.

A simplified form of Eq 2.1 was often used to describe the
stress and temperature dependence, the only two state variables
for a steady-state creep of an isotropic polycrystalline solid,

_e ¼ CrN ¼ C0r
N exp � Q

RT

� �
ðEq 2:2Þ

The parameters N, Q, and C0 are constants within a given
temperature-stress (or strain rate) range when deformation
mechanisms do not change, and they can be experimentally
determined from the tensile data set of ðr; e; TÞ:

2.2 Transient Creep

Upon changing of strain rate or applied stress the micro-
structure changes (e.g., rearranging dislocation network) that
takes a transition period for the creep process to reach a new
steady-state condition. For the increase of applied stress, the
transient creep rate is faster than that predicted by steady-state
creep, called normal transient, which has been studied and
modeled by Dorn (Ref 8), Bird et al. (Ref 9), and Webster et al.
(Ref 10). In this case the total strain was given by

e ¼ epf1� expð�C _esstÞg þ _esst: ðEq 2:3Þ

The strain rate, converted from their original primary strain
expression, consists of two terms,

_e ¼ _epri þ _ess: ðEq 2:4Þ

Much work on creep recovery has been done on structural
response to the change of applied stress, for a creep strain rate
in the order of 10)6 s)1. For the case of unloading, when the
initial strain rate is relatively high, a drop of applied stress will
lead to a progressive lowering of the forward creep rate until, at
a characteristic condition, no creep is detected, as reported in
earlier work by Ahlquish and Nix (Ref 11) who observed
negative creep upon increased stress drop until the remaining
applied stress is lower than the internal stress ri. In another
case when the initial strain rate is very low, the recovery-
controlled creep might dominate, so that a small stress
reduction would be followed by a stagnation period Dt when
no change of specimen length is detected, and after that the
forward creep resumes at a reduced rate. A detailed analysis
and experimental evidence on the strain-transient process was
reported by Henderson and McLean for a nickel-base super-
alloys (Ref 12).The strain transient following a stress change
may simply be treated as the sum of the anelastic contraction
and the reduced forward creep rate, as suggested by Lloyd and
McElroy (Ref 13). For creep with large strain, a large body of
literature is available on superplasticity and superplastic
forming; however, due to a long forming time almost all the
studies use a steady-state creep equation that is found
satisfactory.

Transient creep was studied for various monolithic and
composite material systems. Class II metal creep behavior of
2124 Aluminum alloy was reported by Li et al. (Ref 14), in
which the creep rate in the transient region after a stress
increase is faster than the new steady-state creep, and equiaxed
subgrains are developed. On the other hand, Class I creep
transient was reported for commercial AA5083 alloy (Ref 15,
16). For this class of metal the solute drag creep dominates
deformation at fast strain rates and low temperature. The stress
transients following strain-rate changes decay exponentially
with strain, being contrast to those displayed by pure metals
and Class II alloys. This ‘‘inverse’’ transient was modeled
based on a graphical construction of experimental data.

The transient creep is generally associated with the internal
stress development during load change. Orlova (Ref 17, 18)
studied internal stress from strain-transient dip test in a Fe-
3 wt.%Si alloy with a heterogeneous dislocation structure. The
transient process is analyzed with a phenomenological model
considering two components, as well as a dislocation kinetics
model. Montemayoraldrete et al. (Ref 19) reported a sigmoidal
transient creep behavior of a Cu-16 at.%Al alloy that is
associated with the internal stress development. For composite
systems the transient creep behavior can be more clearly
explained from the internal stress development and stress
transfer during a load change. For example, for Al-Al2O3 fiber
composite (Ref 20), for an aluminum matrix composite (Ref
21), or for the composite with dilute and randomly oriented
spheroidal inclusions (Ref 22).

The transient creep is also reported for Intermetallics.
Hemker et al. (Ref 23) studied the transient behavior of Ni3Al
in which octahedral dislocation glide is the rate-controlling
mechanism. In this study several experimental methods were
used, including temperature change test, stress relaxation test,
and deformation exhaustion/temperature drop tests.

The modeling of the transient creep may be based on an
elasto-plastic constitutive behavior (Ref 24), or based on a
two-phase composite model with different configurations such
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as hard phase (Ref 25, 26), subgrains of variable volume
fraction (Ref 27), particulate reinforcement (Ref 28), fiber
reinforcement (Ref 29, 30). In all these studies it can be seen
that the fundamental reason for transient creep behavior is the
microstructural change and the internal stress transfer among
constituents during dynamic change of applied stress (or strain
rate).

2.3 Creep of Magnesium Alloys

The present study involves the use of magnesium AZ31;
thus, some previous studies on magnesium creep deformation
are briefly reviewed here. For wrought magnesium alloy with
(h.c.p.) crystal structure it is well known that basal slip is the
most important dislocation slip system. But the number of slip
systems is limited for magnesium at room temperature. Other
than basal slip, deformation twinning is an important deforma-
tion mechanism at room to intermediate temperatures
(~673 K). With increasing temperature the contribution of the
twinning to total deformation gradually decreases. Detailed
deformation twinning was reported by several researchers (Ref
31-35). The twinning process not only accommodates a certain
amount of shape change itself, but it also partially changes the
crystallographic orientation and thus regenerates favorable
basal slip system. At above 623 K, power law creep and
diffusional creep take place, and which one is dominating
depends on temperature, grain size, and applied stress or strain
rate. Some creep studies for the power-exponent (N-value),
activation (Q-value), and suggested mechanisms are listed in
Table 1. With many more papers being published recently this
table represents a snapshot in time. Note that the material data
given in the last reference in the table are used in the
computation in the present paper.

From the above studies it can be seen that with increasing
temperature, more deformation processes operate and the
mechanism becomes more complex. The reported creep
parameters (activation energy, power-law stress exponent etc.)
vary among different systems and conditions. In general, at
intermediate temperature and low stress the deformation is
controlled by viscous glide related to lattice diffusion (Class A
creep), with N ~ 3, and at a high stress the N ~ 7, with the
thermal activation energy about 140 kJ/mol corresponding to a
lattice diffusion of Mg. At very high temperature N ~ 4-5 with
higher thermal activation energy, but it reduces with the applied
stress. It must be noted that in many practical deformation
process more than one deformation processes may operates, for

example grain boundary diffusion and lattice diffusion may co-
operate for a microstructure with a distributed grain size (as
always), giving the apparent material parameters that often
deviate from a pure theoretical creep equation.

3. Analysis of Transient Creep

For transient creep, now let us consider a strain rate-
sensitive material that shows increased creep resistance at
higher strain rate. We define a time-dependent creep resistance
rR associated with material internal stress or microstructure.
When a specimen is initially loaded from a stress-free state to a
constant stress ra, rR will develop in response to the applied
stress increase, and after certain time period a steady state will
be reached at which rR ¼ ra. This transient process exists
whenever the applied stress changes. The time required for the
resistance to catch up with the applied stress from one steady
state to another depends on the kinetics of stress transition or
microstructure change. With the first-order approximation we
may assume that the rate of change in the internal creep
resistance, _rR, is proportional to the difference between the
applied stress and the current resistance stress rR, ( ra � rRÞ,
which is the driving force for the stress transition, i.e.,

_rR ¼ �kðra � rRÞ; ðEq 3:1Þ

where k is a temperature-dependent kinetic time constant for
internal stress transition. By integration and with the use of
initial condition rR ¼ 0 at t = 0, the transient resistance
development over time t in the primary creep can be expressed
as

rR ¼ raf1� expð�ktÞg: ðEq 3:2Þ

Although mathematically the time required for rR to reach the
applied stress ra would be t = ¥, only finite time is needed for
real transition to complete. This is one drawback of this model
but it is simple and convenient for current task. To get around
the problem in the last stage of transition we may use a finite
time t0.05 for 5% residual at rR ¼ 0:95ra,

t0:05 ¼ �lnð0:05Þ=k � 3:0=k ðEq 3:3Þ

For generality, we can treat the transient creep for stress
transition between any two stress states from ra;1 to ra;2, so the
resistance change rate _rR is proportional to the difference

Table 1 A summary of previous study on creep of magnesium alloys

Author Material Temperature, K
Appl. stress,

MPa or strain rate, s)1 N Q, kJ/mol
Suggested mechanisms/

creep laws

Northwood et al.
(Ref 36)

Pure Mg T < 523 10)4-10)2 � � � Exponential law
523-623 7 Power law
673-773 2.2

Mg-Zn alloy T<473 7 Exponential law
T> 473 5 Power law

Vagarali and Langdon
(Ref 37)

Mg-0.8%Al 473 to 500-750 Low stress 3 140 Dislocation viscous glide
(Class A)

High stress 6 140 Dislocation climb (break away
from solute atmospheres)

>500-750 4 230
Regev et al. (Ref 38) AZ91D

(Coarse-grain)

393-453 40-115 220 to 94

(decrease with T)
Wu and Liu (Ref 39) AZ31 623-773 10)4-10)2 2.6 145 Lattice diffusion of magnesium
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ðra;2 � ra;1Þ. By integration with the initial condition of
rR ¼ ra;1 at t = 0, we get the stress evolution as a function of
time t,

rRðtÞ ¼ ra;2 � ðra;2 � ra;1Þ expð�ktÞ; ðEq 3:4Þ

where t is from the moment when the applied stress changes
from ra;1 to ra;2. Rewriting Eq 3.4 in a normalized form

R ¼ ra;2 � rRðtÞ
ra;2 � ra;1

¼ expð�ktÞ: ðEq 3:5Þ

We can introduce a non-dimensional parameter Rr, called
Residual of Stress Transition, to conveniently describe the
degree of stress transition

Rr ¼
ra;2 � rRðtÞ
ra;2 � ra;1

ðEq 3:6Þ

Rr varies from 1 to 0 for time t = 0 to ¥, that is a non-linear
mapping of the resistance stress rR over ra;1 to ra;2 for the
same period. From Eq 3.5 and 3.6 it comes

lnðRrÞ ¼ �kt ðEq 3:7Þ

With this simple expression we can measure k experimen-
tally: with the use of strain rate jump test (step test) initially
developed by Backofen et al. (Ref 40) we can observe the
stress transition from one steady-state to another. The kinetic
constant k then can be experimentally determined based on
Rr evolution over time. Note that due to the logarithmic
form of Eq 3.7 there is no need to completely release the
stress to zero; R can be summed incrementally, i.e.,
ln R ¼

P
i lnðRiÞ ¼ �k

P
i ti.

The contribution of the stress transition to the total creep rate
is complex. Following the classical works (Ref 22-24) where
the total creep rate was treated as the sum of forward steady-
state rate and backward transient creep rate due to anelastic
recovery from a stress drop (Ref 18-20), here we replace the
transient anelastic recovery term by transient rate increase due
to the driving force ðra � rDÞ while neglecting the anelastic
effect. We further assume that the primary creep rate also can be
described by a similar power-law rate equation; the total strain
rate can be expressed as

_e ¼ _epri þ _ess ¼ Cðra � rRÞN þ CrN
a ðEq 3:8Þ

Here the primary (transient) creep term in Eq 3.8 diminishes
upon completion of a transition period. Note that the constit-
utive model for the primary creep at large plastic deformation
has not been fully explored at this time, the current simplifi-
cation treatment is purely empirical. For achieving present task
to investigate the significance of primary creep on tube gas-
forming process this treatment is necessary and may be
acceptable.

The total creep rate, based on Eq 3.4 and 3.8, can now be
expressed as

_eðtÞ¼CrN
a;2�C0jra;2�rRjN

0
¼CrN

a;2�C0jra;2�ra;1jN
0
expð�ktÞ
ðEq3:9Þ

The negative sign applies to the case of stress decrease
ðra;2<ra;1Þ. The use of absolute value for the stress difference
can avoid negative base in the power-law formulation. In the
case of stress decrease, in addition to the elastic unloading,
the creep deformation may either slow-down or change in the

direction to backward creep (strain recovery), depending on the
magnitudes of the two strain rate terms. This unloading process
will not be discussed in this paper.

4. Experimental Determination of Kinetics
of Transient Creep

4.1 Experimental Procedure

Tensile test at elevated temperatures were performed for a
magnesium alloy, AZ31 (Mg-3 wt.%Al-1 wt.%Zn). The tensile
specimens were cut from hot-extruded tubes of 50.4 mm outer
diameter and 2 mm wall thickness (nominal dimension), along
the tube longitudinal direction. The specimens were machined
to ‘‘dog-bone’’ shape with a 10 mm gauge length and 5 mm
width, and the thickness was curved as it was in the tube form.
The specimen hung on the upper grip without constraint during
heating, and the tensile load was applied on the specimen
shoulder region, so that there would be no compression force
possible on the specimen during heating. Between the specimen
gauge section and the shoulders there is a 2 mm radius for
transition to avoid stress concentration, and due to excellent
superplasticity of the material, no specimen was fractured from
the shoulder corner.

Tensile tests were conducted on an Instron 8801 servo-
hydraulic material testing machine that has a total capacity of
100 kN, but for the present testing at elevated temperature a
small load cell of 10 kN full scale was used to increase the
resolution. Due to sufficiently high stiffness of the machine at
much reduced load, and also due to very large elongation
obtained (in the range of 100-200%), the extension of the
specimen was directly measured from Instron�s build-in LVDT
without an extensometer. The Instron was close-loop controlled
with a digital controller under displacement control mode. The
signal conditioner of the controller/data acquisition system
allows further amplifying the signal to rescale 5% of full scale
(or 500 N) into 10 V output. For obtaining transient stress in
this study, a data recording rate of 100 Hz was used, which is
sufficiently high as compared with the transient stress chance
during loading/recovery (that was found in the range from a
few seconds to several minutes, depending on the testing
temperature and applied load (stress) or speed (strain rate)). The
total stroke of the machine is 150 mm.

A vertical split furnace with electrical resistance heating was
used. The temperature was controlled within 2 K of the set
temperature by a programmable controller and two K-type
thermal couples, one for monitoring specimen gauge temper-
ature and another for furnace temperature control. To reduce
specimen preheating time that may cause microstructural
change, the grips were first preheated to the testing temperature
without specimen, and after temperature was ready the
specimen was placed inside the furnace by hanging the
shoulder on the upper grip and engaging, but not contact, with
the lower grip. Further heating and stabilizing the temperature
typically took about another 10 min. The tensile tests were
conducted at 623, 673, and 723 K, which are in 0.70-0.81 Tm
of the material melting point in K. Steady-state creep behavior
of AZ31 (Ref 29), and microstructure/texture evolution during
deformation that will contribute to current transient creep at
material level, were previously studied from sheet materials
(Ref 41-43).
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Strain rate jump tests (step tests) were conducted by periodic
change of displacement rates, the method developed by
Backofen (Ref 40) primarily for obtaining materials� strain rate
sensitivity (m-value) but in the present study for obtaining
materials� transient behavior upon speed changes. Within one-
step test a single specimen was stretched under several speeds
under Instron�s displacement-control mode. Within one seg-
ment of strain the load increased as the displacement was
activated, and it stabilized at a peak value as the indication of
steady state, and it was decreasing with time when the machine
stroke was stopped. After majority of the load was released (but
not necessarily completely relaxed to zero) a new segment of
strain was applied at a different displacement rate. The constant
speeds used are at six levels, i.e., 1, 0.5, 0.1, 0.05, 0.1, and
0.005 mm/s that correspond to the strain rates in the order of
10)4 to 0.1 s)1 but for the same speed the true strain rate
slightly varies with instantaneous gauge length, based on the
formula _e ¼ V=l where V is the displacement rate and l is the
instantaneous gauge length. Figure 1(b) shows the definition of
segment, cycle, and step up/down to be specified in the label of
segment. In each test the segment started at the highest speed,
and reduced step by step to lower levels till at 0.005 mm/s, and
then it changed step by step from low to high to complete one
cycle, then the whole cycle repeated for again until failure. The
segments are labeled by their speed level (the first digit),
followed by the cycle number (1 or 2), followed by a letter ‘‘u’’
or ‘‘d’’ indicating the speed was step up or step down, despite
that all segments were exclusively loaded after a stress
relaxation period. The reason to release the internal stress first

is to allow a longer stress transition period at a higher stress
change, so the observation of stress transition during loading
can be made more easily. Only loading portions are of current
interest, because in tube gas bulge forming the applied stress
keeps increasing even under a constant internal gas pressure.
Multiple step segments within one specimen were possible due
to excellent superplasticity of the material at the testing
temperatures. The recorded load and displacement over time
then provide information on stress transition between associ-
ated steady-state stresses.

4.2 Results

The true stress and strain vs. time and the stress vs. strain
curve at 723 K are shown in Fig. 1. It can be seen that in the first
segment the increase of stress was not smooth, due to specimen
self-alignment. By holding the position, the load exponentially
dropped down. Each new segment started with rapid load
increase and then, after a peak load was reached, the load may
still slowly increase, for the first few segments, probably still
related to continuous break down of initial microstructure. In
those later segments, the stress immediately decreases after a
peak stress was reached, which is related to the neck formation
and the measured stress based on uniform deformation under-
estimates the real material flow stress. But, for the purpose of
studying the transient load change we still included some of
these segments (except for the first segment and very last few
segments). The same step-test procedure was used for 673 and
773 K tests, but the total number of segments used was less.
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For each strain segment, the true stress vs. time portion was
taken and, by resetting the time zero at the beginning of each
segment upon loading, all the loading curves are shown in
Fig. 2 for three temperatures, respectively. For all curves, the
stress first increased rapidly, then the increase slowed down and
finally a steady-state stress was reached (or almost reached).
With the increase of speed the steady-state stress increases, so
does the rate of stress increase. The time to reach the steady
state varies with the speed change or steady-state stress; see the
dashed line for schematic representation. The transition time
was roughly in the range from 2 s to more than a minute
depending on the speed or corresponding steady-state stress—it
is shorter for a higher speed and temperature.

In order to obtain the kinetics of transient stress develop-
ment during loading, the stress vs. time data in Fig. 2 are
converted to the residual of stress transition, Rr defined by Eq
3.6, and re-plotted against time, see Fig. 3. All the curves start
from 1 and decrease with time at decreased rate. By further
changing the y-axis to logarithm scale for Rr the curves then
show almost linear relation with time, so the kinemics equation
Eq 3.7 is generally satisfied. As an example Fig. 4 shows that
Rr has exponential relationship with time t, and for other two
temperatures the situation is the same (but the plots are very
crowded and not shown here). Note that below Rr ¼ 0:05 or
0.1 this exponential relationship no more exists, which is
understandable because in reality the stress transition time does
not go to infinity but can reach a steady state with a finite time,
in disagreement with the model suggestion.

The slopes of all these curves within 90% completion of the
stress transition are plotted in Fig. 5. It can be seen that the
k-value increases with the amount of stress change, and with
the temperature. A best-fit exponential equation was obtained
for each temperature, as shown in the figure. Good correlation
coefficients (R2 > 0.9) were obtained for all three temperatures.
A higher k-value means a higher stress transition speed or
shorter transient time. It is worthy noting that here the stress
transition occurred from a stress-free relaxation condition to a
loading condition at a much higher stress change, as com-
pared with that in tube gas-forming process, where the
applied stress gradually and continuous increases with defor-
mation. This experimental result shows that the transient time
varies in 3-100 s, corresponding to the k-values in the order of
1-0.001.

To analyze the transient creep in the previous tensile tests,
the kinetic model in Section 3 is used for computing the
internal creep resistance rD and from that obtaining the strain
rate, as shown in Fig. 7. With the assumption that the same
power-law rate equation and material constants are applied for
the primary creep rate equation but with the net contribution
from the difference between the applied stress and the internal
creep resistance, which increases from zero (for initial stress-
free condition) towards the applied stress, the primary strain
rate term would be the same to the steady-state term initially
and gradually reduces to zero. The rate to approach zero is
controlled by the k-value, which takes longer time for a lower k-
value, so the primary creep contributes more to the total strain.
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5. Transient Creep in Tube Expansion

In this section the mechanics of tube forming is given first,
and then the effect of transient creep on tube expansion process
is analyzed.

5.1 Mechanical Analysis of Tube Expansion with Transient
Creep

The schematic of stress state in tube expansion is shown in
Fig 7. Based on classical plasticity theory [see Hosford and
Caddell (Ref 44)], the three principle strains in a tube forming,

the hoop strain e1, axial strain e2 and radial (thickness) strain
e3, are expressed in terms of tube geometry changes (radius r,
length l, and wall thickness h),

de1 ¼ deh ¼
dr
r
; and e1 ¼ ln

r
r0

ðEq 5:1Þ

de2 ¼ dex ¼
dl
l
; and e2 ¼ ln

l
l0

ðEq 5:2Þ

de3 ¼ deh ¼
dh
h
; and ln

h
h0

ðEq 5:3Þ
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From volume conservation in plasticity

_e1 þ _e2 þ _e3 ¼ 0 ðEq 5:4Þ

Assuming von Mises Yield criterion and with the normal stress
r3 ¼ 0 for thin-wall tube,

r2
1 � r1r2 þ r2

2 ¼ Y 2; ðEq 5:5Þ

where Y is the yield stress. The stress ratio and strain rate ratio
are defined as,

a ¼ r2

r1
and b ¼ _e2

_e1
¼ De2

De1
ðEq 5:6Þ

Based on Levy-Mises flow rule the two ratios are related by

a ¼ 2bþ 1

2þ b
or b ¼ 2a� 1

2� a
ðEq 5:7Þ

From the radial force equilibrium, the hoop stress for a thin-
wall tube can be given by

r1 ¼ P
R
h
; where R ¼ 1

R1
þ 1

R2

� ��1
ðEq 5:8Þ

where R is the effective radius of two in-plane principal
curvatures R1 and R2. Thus, von Mises effective stress can be
expressed by the major principal stress as,

�r ¼ ð1� aþ a2Þ1=2r1 ðEq 5:9Þ

With the gas pressure wavefunction and strain/stress path
given, the applied effective stress r and the transient stress rT

can be updated depending on kinetic constant k and elapsed
time. Since in tube forming under a constant gas pressure the
applied stress is increasing with time, raðtÞ is not constant, so
we have to use the incremental form of the transient stress, from
Eq 3.1,

rRðt þ dtÞ ¼ rRðtÞ þ _rRðtÞdt ¼ rRðtÞ þ k raðtÞ � rRðtÞ½ �dt

ðEq 5:10Þ

and initially rRð0Þ ¼ 0. The effective strain rate can be
obtained from the previous model,

_�e ¼ CrN þ dCðr� rDÞN ðd ¼ 0; 1Þ ðEq 5:11Þ

where d ¼ 0 for steady-state creep (without considering
transient creep) for comparison, and d ¼ 1 for including
transient creep. The principal strain rate components are

_e1 ¼
4

3
ð1þ bþ b2Þ

� ��0:5
� _�e ðEq 5:12Þ

_e2 ¼ b _e1 ðEq 5:13Þ

P
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Fig. 7 Stress components in tube forming
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_e3 ¼ �ð1þ bÞ _e1 ðEq 5:14Þ

Accordingly the strain increment and total strain can be
obtained/updated by,

Dej ¼ _ejDt and ej :¼ ej þ Dej ðj ¼ 1; 2; 3Þ ðEq 5:15Þ

Thus, the tube radius, length and wall thickness are ready to be
determined.

r ¼ r0expðe1Þ; l ¼ l0expðe2Þ; and h ¼ h0expðe3Þ
ðEq 5:16Þ

This allows updating the hoop stress based on the new (r/h)
ratio for next time increment. For a given strain/stress path
(constant a and b) the iteration from Eq 5.8-5.16 continues for
each incremental time until a specified criterion is reached. For
simplicity here we define an instable tube expansion condition
as that when the relative change of strain rate from one time
increment c ¼ D _�e= _�e [i.e., _�eðt þ DtÞ= _�eðtÞ � 1, also Dde=de]
reaches a critical value ccr, which is adjustable based on
experimental data.

5.2 Computation Results

The calculated strain development during tube expansion
is shown in Fig. 8 for tube dimension of r0 = 25 mm
and h0 = 2.5 mm, under plane strain condition ðb ¼ 0Þ.
Material creep properties are (based on previous experimental
study on steady-state creep of Mg AZ31): m = 0.385,
C0 = 25439.951/m s)1, Q = 145 kJ, T = 723 K, p = 2 MPa,
and the transient creep time constant k = 0.1. The result is
within the range of lab tube gas-forming condition. In this
forming process, the radial strain and thickness strain develop
steadily in majority of the early forming process but the
deformation accelerates rapidly at last few seconds. This plot
represents general feature of tube expansion process.

The choice of time increment size dt may give different
results on tube instable expansion. To verify the effect of time
increment, three dt values, 0.1, 0.01, and 0.001 s were used for
comparison, and the relative strain change c ¼ D _�e= _�e is plotted
over forming time t, as shown in Fig. 9(a). From local
enlargement in logarithm scale it can be seen that indeed the
three dt provided different transition to the instability or c

curves, with smaller dt producing sharper instability at the very
end of the forming. However, in terms of final strain, see
Fig. 9(b), all the three time increments produced almost
identical total strain. We used dt = 0.01 s for all other
simulation in this paper, so that the error from numerical part
will be systematic and relative.

To determine the instability criterion ccr, it needs to verify
the impact of critical strain development, c to the limit strain
condition. Figure 10 plots both c and effective strain e vs. time
t. In view eðtÞ curve it is found that c always increases with
time, as the result of monotonically increasing r/h. This is
consistent with the accelerated strain development shown in
Fig. 7. The current logðeÞ-t plot indicated that it always has a
positive slope, or dðlogeÞ=dt>0. However, the slope is decreas-
ing first (or say the second derivative d2ðlogeÞ=dt2<0) and then
at certain turning point d2ðlogeÞ=dt2 ¼ 0 and after that it turns
to positive. Since dðlogeÞ=dt ¼ _�e=e, it represents the compe-
tition between strain rate development and total strain devel-
opment: if _�e=e decreases with time that means strain
development is faster than strain rate development, so the
deformation is stable; otherwise it is less stable. It is well
known that although structural instability of pressurized tube
can be convenient to be analyzed, localized necking occurs
much later than the maximum pressure so it can not be used for
limit strain prediction in tube manufacturing. From Fig. 10, the
choice of ccr should avoid being too close to the final instability
region, otherwise it will be too sensitive in predicting the total
limit strain. It is found that c developed rather slowly as
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compared with strain development; even at c ¼ 0:01 (or 1%
increase in relative incremental strain) the total strain already
closes to 1. This gives a good opportunity to use c within its
stable development region to indicate the degree of unstable
development of total strain. The laboratory final expansion ratio
on plane strain tube free expansion is in the range of 0.5-0.8.
Besides many disturbance factors such as initial tube defects
(especially wall thickness inhomogeneity) and circumferential
temperature variation, the intrinsic mechanical instability of
tube expansion may provide a foundation and theoretical
window on tube forming. In practical application ccr can be
empirically fitted from experimental data. Unlike instability of
flat sheet metals, the criterion on limit strain in tube forming
received many debates and it deserves further investigation (but
will not further expand here).

The effect of transient creep kinetics on the strain develop-
ment is shown in Fig. 11, for k-values from the magnitudes of
0.001 to 10, with all other forming conditions remained the
same. The steady-state creep condition (without considering
transient creep term) is also included as a reference. It is seen
that final strains from different k are about the same to that in
steady-state creep, since here we used the same strain rate
sensitivity for both transient creep and steady-state creep.
However, the forming time changes significantly: the steady
state alone without transient creep gives slowest forming

process, and at high k-values (k = 10 and k = 1) there is limited
reduction of forming time. From k = 0.1 to 0.01 there is
significant reduction of forming time.
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To interpret these results, the total strain is controlled mainly
by material rate sensitivity. In the current simulation, without
sufficient knowledge on primary creep equation the same
material parameters were for both steady state and transient
creep formulation, in which m-value is known to have
significant impact to necking development but it was un-
changed for both steady state and transient creep formulations.
This explains why there is limited difference of instable strain
development. The forming time is controlled by the strain rate,
to which the primary creep has significant contribution, as
shown previously both from experimental observation and
theoretical analysis. However, the role of transient creep on
tube forming is rather complex, as seen in the non-linear
relationship of k value and the forming time reduction in the
figure.

To reveal the kinetics in transient stress development, both
applied stress and the internal resistance stress development
during tube expansion are shown in Fig. 12. The applied
stress is solely controlled by the amount of strain, or more
exactly the ratio of r/h (for forming under a constant pressure
and plane strain condition). The transient stress, on the other
hand, depends on both applied stress development and the
time required for the internal resistance stress to catch up
with the applied stress. Three cases exist in regarding with
k-values, with a reference total gas tube-forming time of
10-100 s:

(a) At high k regime (k>0.1 s)1) the transient stress devel-
opment is fast enough to catch up with the change of
applied stress caused by the increasing r/h ratio during
tube gas forming. There is limited or no contribution
of transient creep to total deformation, so the tube-
forming process can be well described by steady-state
creep alone;

(b) At low k regime (k<0.01) the transient stress
development is too slow to catch up with the ap-
plied stress (initially) and its changes (later stage),
so that the tube deformation is under significant
effect of transient creep. As a result the total creep
rate is much higher than that in steady-state condi-
tion, resulting in significant reduction of forming
time.

(c) At intermediate k regime (k from 0.01-0.1) the rate of
transient stress development is in the same order of
magnitude to the rate of applied stress increase, the
latter is accelerating during tube expansion. Thus, at
early stage of forming the difference between the
applied stress and the internal resistance is reducing
with deformation, but at later stage of forming the
difference increases again. Accordingly, the transient
creep contributes the total creep rate increase at both
early and later stages of tube forming but has
reduced or no contribution in middle portion of the
forming. In this intermediate k regime the kinetics of
transient stress development has sensitive effect to
the deformation process. Apparently the current hot
metal gas-forming process is right in this regime.

6. Discussion

6.1 On Experimental Validation of Transient Creep

At this time the direct experimental validation of the above
computed results are not available, due to the following
difficulties encountered:

(a) The material creep model obtained from tensile test
along the tube longitudinal direction can not reflect a
hoop deformation-dominated tube expansion process.
The previous study indicates that strong crystallographic
texture exists in almost all the available tubes made
either from extrusion (for aluminum and magnesium
alloys) or from rolling and roll-forming of steel sheets.

(b) In our direct measurement of radial displacement during
tube expansion it was found difficult to make clear dis-
tinction between primary creep and secondary creep,
and between plastic strain and anelastic strain from con-
tinuous increase of gas pressure. Even with step change
of applied pressure or temperature that enlarges the
change of applied stress, the measured transient tube
expansion always combines intrinsic material transient
creep and transient mechanical system/temperature
change (associated with the use of gas pressure and heat
transformation). Further improvement of signal-to-noise
ratio under a high magnetic field from induction heating
unit is also needed. A new tube creep testing technique
to resolve these issues is needed.

6.2 Tube Forming Along Other Strain Path

In the present computation only plane strain condition is
considered. For other strain paths it is expected that the
general feature of transient creep will still apply but only
with some magnitude changes on the forming rates. The
transient stress development is caused by the change of
applied (effective) stress, which is related to the 3D
deformation mode and can be completely described by a
single parameter, the strain path b. In review of applied
stress evolution during tube deformation, which is dictated
by the ratio of r/h, we can use a normalized expression of
ratio r/h per unit strain to evaluate the effect of strain path b
on transient creep. Since
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r
h
¼ r0

h0
exp½ð2þ bÞe1� ¼

r0
h0

exp
ð2þ bÞeffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð4=3Þð1þ bþ b2Þ
q

ðEq 6:1Þ

the value of (r/h) can be related to b in its logarithm form with a
normalizer (r0/h0), per hoop strain or effective strain,

1

e1
ln

r=h
r0=h0

� �
¼ 2þ b ðEq 6:2Þ

1

e
ln

r=h
r0=h0

� �
¼ ð2þ bÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð4=3Þð1þ bþ b2Þ
q ðEq 6:3Þ

These two equations have the same meaning in terms of (r/h)
development per unit strain, but for the strain development they
use different forms, as shown in Fig. 13. For unit effective
strain the value (r/h) is highest at b ¼ 0, and it is lowest at
b ¼ 1 and b ¼ �0:5, both at 86.6% of the maximum. With
respect to the hoop strain e1 the r/h development is the highest
at b ¼ 1 and the lowest at b ¼ �0:5 (50% of the maximum).
This is related to the reduced thinning at a lower b. Therefore, if
based on effective strain development, the current computation
results under plane strain condition gives the highest hoop
stress development rate, which is the fundamental reason for
applied stress increase during hot tube gas forming.

6.3 A Further Discussion on Transient Kinetics of Materials

In Section 2 the transient stress change rate was treated
proportionally to the difference between applied and internal
stresses. This assumption is purely from kinetics consideration
and did not consider any mechanisms that are responsible for
the kinetic transfer so that they may affect the time constant k.
From thermodynamic point of view k may not really be a
constant. The experimental results shown in Fig. 5 already
indicate that k is not only a function of temperature but the
stress change as well. Since the creep deformation is a diffusion
process involving dislocation motion and mass transportation
under various paths, the kinetics of stress evolution should also

be a thermodynamic parameter. A thermodynamic expression
for the kinetic constant k may be written as

k ¼ k0 expðkDr� Q=RT Þ ¼ k0 expðkDrÞ � expð�Q=RT Þ
ðEq 6:4Þ

where Dr is the difference ðra � rDÞ, and k is a material-
dependent prefactor. This indicates that both thermal activation
term and stress term expðkDrÞ contribute to the kinetics of
transient, or to the time constant k. This provides a support to use
an exponent law for the stress dependence of k, shown in Fig. 5.

In this paper we did not discuss the relaxation behavior;
however, from Fig. 1(a) it is obvious that the kinetics for stress
relaxation was at a much lower speed—the transition time for
stress relaxation is much longer than that in loading. This is
another reason in the tensile tests we tried not to involve both
loading and unloading cases but all the results shown here were
from loading up condition (after a stress relaxation period).
During stress relaxation process there is no assistance for
internal resistance received from external stress, and what being
measured on the graceful external load drop is the internal
stress itself. But under this displacement-constrained condition
the stress transient process should be different from that under a
constraint-free condition. Further study on both loading and
unloading processes, and under load and displacement con-
trolled modes are of future interests.

In this paper the effect of transient creep is analyzed for hot
tube gas forming only, and this process has its intrinsic trend of
applied stress increase under a constant gas pressure. For other
hot deformation processes the necessity for changing applied
stress is not so clear, so that the effect of transient creep on
deformation is less obvious. On the other hand, if consider that
almost all thin-wall component forming (e.g., thin sheet hot
forming by gas or by punch) would involve reduction of wall
thickness and enlargement of surface area, the systematic
increase of applied stress would also exist in a very similar
fashion to that in tube expansion. For these processes, whether
the transient creep needs to be considered really depends on the
comparison between the time scale of forming process and the
time scale of material�s primary creep regime at the forming
temperature and applied stress (or strain rate). Based on the
finding given in Section 5 that shows three distinct regimes of
transient effects, if material�s primary creep period is much
shorter than the forming time, there is no need to consider
transient effect, otherwise it does. When the two time scales are
in the same magnitude special care needs to be taken of to
address the sensitivity of transient effect on the forming
process. In this sense, the current finding applies to both high-
speed forming as well as low-speed one, as long as there exists
a significant change in applied stress during forming.

7. Conclusions

Much of previous works on elevated-temperature metal-
forming processes consider steady-state creep only and tran-
sient creep is neglected for simplicity. This is an initial
investigation and assessment of the effect of transient creep on
one of the high-temperature deformation processes, hot metal
gas forming. The kinetics of transient creep and its effect on
tube deformation process has been studied, and the following
results and conclusions are drawn:
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Fig. 13 The effect of strain path b on non-steady-state tube defor-
mation. The normalized ln(r/h) per unit strain is used to relate b to
hoop stress development per unit strain (either effective or hoop
strain). A higher y-value means more significant increase of hoop
stress per unit strain, so the deformation is less steady
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(1) A transient material creep model is developed based on
the kinetics internal resistance evolution. A new non-
dimensional parameter, the residual of stress transition,
was introduced to describe the degree of transient pro-
cess. This analysis serves as a foundation for experimen-
tal design and data processing.

(2) The kinetics of transient stress development associated
with applied stress increase was experimentally investi-
gated for an Mg AZ31 tube material at 673, 723, and
773 K, and at strain rates ranging from 10)4 to 1 s)1, a
window of current hot metal-forming conditions. By
using a modified strain rate step test and by introducing
a new parameter of the residual of stress transition, the
kinetic time constant k as a function of temperature
and stress has been obtained.

(3) Tube expansion mechanics based on transient creep
model has been analyzed. Three transient creep regimes
are identified based on tube gas-forming process that
takes 10-100 s: (a) At high k regime (k>0.1 s)1) the
transient stress development can catch up with the
change of applied stress. There is limited or no contribu-
tion of transient creep to total deformation. (b) At low k
regime (k<0.01) the transient stress development
can not catch up with the applied stress (initially)
and its changes (later stage), so that under significant
effect of transient creep, there is a significant reduc-
tion of forming time. (c) At intermediate k regime (k
from 0.01 to 0.1) the rate of transient stress develop-
ment is in the same order of magnitude to the rate
of applied stress increase. The transient creep con-
tributes the total creep rate increase at the early and
later stages of tube forming, and the process is sensi-
tive to the k-value. The current hot metal gas form-
ing is right in this regime.

The current study provides a frame work for understanding
the importance of transient creep in elevated temperature
forming, especially when the strain rate is high. Further study is
needed on understanding physical process involved in transient
creep, and the development of a phenomenological transient
creep model and a suitable tube experimental technique for
direct validation of modeling results.
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