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A Modeling Study of Impression Creep Testing
on Heterogeneous Structure
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Abstract

The high-temperature mechanical properties of weldments containing discrete micros-
tructural zones were investigated with the impression creep test. an indentation creep
test that offers the ability to determine the creep properties of minute microstructural
zones by monitoring the displacement rate of a cylindrical punch as a function of stress
and temperature. The position-dependent creep behavior across the interface of a roll-
bonded copper-brass laminate. a material which represents ideal two-component weld-
ments. was evaluated. Impression tests at 450" to 525C(842° to 947°F) were performed at
several locations in the interface region such that the punch deformation field contained
varying amounts of each component. A theoretical model for a multicomponent system
was developed and was shown to correlate with experimental observations if the deforma-
tion field that controlled punch velocity was assumed equal to the punch contact area.
The implications of this study with respect to evaluating the localized creep properties
within weidments are presented. and the practical usefulness of the impression creep test

is discussed.
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Introduction

Weldments represent complex heterogeneous materials that contain gradients in micros-
trurcture, composition and properties. Predictions of weldment properties frequently de-
pend on the ability to characterize the properties of each individual microstructural zone
within the heterogeneous structure of the weld. In addition, prediction of macroscopic pro-
perties requires the use of an appropriate composite theory that can accurately describe
the interactions between the various microstructural zones.

The heterogeneous structure of welds consists of either fine or coarse gradients. Fine
scale gradients result from coring induced compositional changes within individual weld
beads(Refs. 1-4). In contrast, coarser microstructural gradients result from bead-to-bead
variations in thermal history or due to gradients in both composition and heat from the
weld metal to the base metal(Ref. 5).

The effects of microstructural and compositional gradients on mechanical properties of
weldments have been considered in several recent pub_lications(Refs. 6-11). All have
shown that a complete understanding of the overall properties of welds requires an
analysis of position-dependent mechanical properties across the weids.

Several tests have been developed to evaluate localized properties within a weld. These
include the use of subsized samples removed from specific local zones(Ref. 12). or the use
of samles with microstructures designed to simulate specific zones within the weld. With
respect to high-temperature creep properties, the impression creep test(Refs. 13-18) offers
the opportunity to evaluate position-dependent properties within a weldment without the
need for specialized sample geometries. In the impression creep test the displacement of a
cylindrical punch under a constant applied stress is monitored as a function of time. The
resistance to deformation is controlled by the material immediately below the punch, and
thus, the ability to resolve the properties of local microstructural zones is limited by the
punch diameter(Ref. 17). The effects of stress and temperature on measured displacement
rates are analyzed and are shown to correlate directly to conventional creep data(Ref. 13).

In two recent studies, impression creep results were correlated directly with microstruc-
tural gradients across weldments. Gibbs, et al.(Ref. 19), in his study of the creep behavior
across austenitic to ferritic steel dissimilar metal weldments, showed that the minimum
in creep resistance occurs in a zone adjacent to the fusion line where creep cracking has
been observed in service. Wang, et al.(Ref. 20) evaluated bead-to-bead variations in the

creep properties across a multipass ASTM-A36 steel weld. Specifically, the creep proper-
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ties on a traverse from the cast microstructure of the last bead. through the reheat-affect-
ed zone of the next-to-last bead. and into the aged microstructure of the next-to-last bead
were measured. The microstructures associated with this traverse are illustrated in Fig.
1. and the corresponding impression creep velocity data are shown in Fig. 2. The reheat-
affected zone of the next-to-last bead consists of fine equiaxed ferrite, while the solidified
zones of both beads consist of columnar grains of fine acicular ferrite surrounded by either
elongated or equiaxed proeutectoid ferrite. The acicular ferrite zone in the next-to-last
bead appears to have coarsened due to aging. The minimum in creep resistance, as evi-
denced by a maximum in impression creep punch velocity, occurs in the fine-grained,
reheat-affected zone. The observation of a decrease in creep resistance with grain refine-
ment is consistent with general creep theory(Ref. 21). These results on ASTM A36 indi-
cate that the variations in creep behavior across the multipass weldment mirror the varia-
tions in microstructure.

To date. impression creep tests on weldments have been unable to determine properties
within a single rﬁicrostructural zone. This inability stems from the fact that the indenter
plastic zone contains multiple components. In addition, continuous gradients from one
zone to the next make the delineation of individual components difficult. In order to ex-
tend the impression creep test to complete analyses of weld metal with continuous micros-
tructural gradients, an appropria‘te composite theory is required. In this paper. the basics
of such a theory are developed and predictions are compared to impression creep data.

An ideal material for study should consist of microstructural gradients with well-defined
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steel weldment shown in Fig. 1. From
Ref. 20.



J—

I1-Dong Choi

interfaces between microstructural zones. Furthermore, each zone should be larger than
the punch diameter so that the impression creep properties of the individual zones can be
determined. To simplify the analysis, a two-component roll-bonded laminate composite
was chosen. In the composite, impression creep data were obtained in each base metal

and as a function of position across the diffusion-bonded interface.

Experimental Procedure

A roll-bonded laminate composite was fabricated from copper Alloys C11000(commercially
pure copper) and C26000(cartridge brass, nominally 70% Cu and 30% Zn). The composition
and initial plate thickness of each alloy are shown in Table 1. Two 102-x150-mm(4-x6-in.)
plates. one of each alloy. were encased in a stainless steel canister attached to an active vacu-
um system and preheated to 820C(1508°F). The canister was hot rolled on a laboratory rol-
ling mill and the thickness was reduced 20% in multiple passes. Metallographic analysis and
room temperature mechanical testing verified that a complete bond was obtained(Ref. 22). In
addition, prior to creep testing. the composite was annealed at 625C(1157°F) for 4h.

Impression creep tests were performend with the test system developed by Gibbs(Refs,
17.19). A 1-mim(0.040-in.) diameter molybdenum punch was used. Creep data for the cop-
per-brass system were obtained at temperatures between 450°and 525T and stresses
between 90 and 117 MPa(13 and 17 ksi).

The microstructure of the composite prior to testing and the deformed zones below the
punch were analyzed with standard light metallographic techniques. The copper-brass
composite was etched in a solution of 5g K,Cr.0;. 20ml H,SO,, 5ml HCI and 250ml H,O.
Chemical analysis across the laminate composite was obtained with a JEOL JXA-840 scan-

ning microanalyzer.

Table 1 EDS Analysis of the Test Material Compositions (Wt - %).

Cu Ni Zn Co Fe Mn

C11000(12.7mm) 99.9 0.01 0.05 0.01 0.02 0.01

C26000(12.7mm) 69.2 - 30.6 0.01 0.05 0.14
Results

Two sets of experimental impression creep data were obtained to provide input to the

composite model analysis. which follows in the Discussion section. First. impression creep
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Fig. 3 Light mlcrographs A-The copper component B-the interface;C-the brass component in the
copper-brass laminate.

properties of each base material in the composite were determined. Then. the effect of po-
sition with respect to the interface was evaluated. Light micrographs of the base materi-
als and interface are shown in fig. 3. Both base metals consist of a duplex grain sturcture
in the annealed condition. The interface shows a complete bond and the base metal grain
structures are constant up to the interface. The zinc and copper compositions adjacent to
the interface were measured with energy dispersive spectroscopy(EDS) techniques. and
the results are shown in composition profiles in Fig. 4. Figure 4 shows that the gradient
in composition occurs entirely within 0.1lmm of the interface. The dimension represents
10% of the punch diamenter. Consequently, tests in the interface region represented pri-
marily the properties of the two components, with only a small contribution to punch velo-

city from the coninuous compositional gradient region.
Impression Creep of Base Metal

Typical impression creep curves for the copper and brass base metals at 475C and a
punch stress of 117MPa(17ksi) are shown in Fig. 5. Both curves show a region of tran-
sient creep. in which the punch velocity(i.e., the slope of the displacement-time curve)de-

creases with displacement, and a region of steady-state creep where the velocity is con-

1 N7



Il - Dong Choi

40 T T T

g ommmm

20 490

Zinc Content (%)
Copper Content (X)

1
Copper! Brass
L " N H N

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
Distance from Interface (ma)

Fig. 4 The effect of position on the zinc and
copper compositions(EDS analysis) in
the interfacial region of the copper-
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stant. independent of displacement. Stead-
y-state punch velocities were taken as the
average punch velocity between 12 and
36h. Also note that the steady-state
punch velocity of the brass is approximate-
ly 3.9 times that of the copper. The creep
rates of the two constituents are different
enough that the influence of one com-
ponent on the creep rate of a two-com-
ponent composite should be easily detect-

ed, and yet the two creep rates are similar

enough that they can both be measured accurately under identical stress and tempera-

ture conditions. It should be noted the microstructures of the as-tested samples revealed

microstructural changes below the punch:recrystallization in brass and grain growth in

copper(Ref. 22). However, a systematic microstructural examination showed that all

changes in microstructure developed within the first 12h, and microstructures were stable
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(Ref. 22) for times greater than 12h. Therefore. the measured steady-state creep rates re-
flected a constant microstructural condition. ,
The effects of stress and temperature on punch velocities were analyzed according to

the following equation:
v, =B o"exp(- Q/RT) (D

where v, is the punch velocity. o is the true stress, n is the stress exponent, Q is ap-
parent activation energy for impression creep, B is a constant, and R and T have their
usual meanings. Previous studies(Ref. 13) have shown that v,. n and Q obtained from im-
pression creep data relate directly to conventional creep data.

The effects of stress at constant temperatures on steady-state impression creep veloci-
ties are shown in Figs. 6 and 7 for coppear and brass, respectively. Correspondingly. the
effects of temperature at constant stresses are shown in Figs. 8 and 9. The linear relation-
ships shown in Figs. 6 to 9 indicate that Equation 1 is applicable to both copper and brass
for the test conditions of this study.
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Fig. 7 The effect of stress on the steady-state Fig. 8 The effect of temperature on the steady-
impression punch velocity for brass at state impression punch velocity for copp-
three test temperatures. The slope is er at three stresses. The slope is equal
equal to the stress exponent in Equa- to QR in Equation 1.
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Table 2 Creep Activation Energies and Stress Exponents for Copper and Brass Alloy C26000 Obtained
with Conventional Creep Samples.

. Temperature | Activation Energy Interpreted Stress
Material T kcal/mole Mechanism Exponent Reference

Copper above 610 48.0 - 4.8 23

405 to 610 28.0 - 4.8 23

450 to 530 32.8 - 5 24

413 275 - 4.8 25

above 510 42 - 5.0 27

- 49.6 (bulk diffusion) - 26

- 24.8 (boundary diffusion) - 26

500 20.2 (boundary diffusion) - 31

Brass 413 - - 4.5 28
Alloy260

550 to 700 31 - 5 29

- 30 - - 30

500 12.5 (boundary diffusion) - 31

- - - 4.5 32

500 41.9 (bulk diffusion) 33

From the slopes of Figs. 6 and 7. the stress exponents, n. were obtained for each system.
An average stress exponent of 4.0 was calculated for both materials. The maximum deviation
in n was obtained in the brass system with measured values between 3.9 and 4.05.

The plots of punch velocity versus inverse absolute temperature ‘in Figs. 8 and 9 yield
values of the apparent activation energies for impression creep. The slopes are approxi-
mately equal at each stress level, suggesting that the activation energies remain constant
within the stress range investigated. Furthermore, the fact that data plot linearly and
parallel at each stress level indicates that the same creep mechanism or mechanisms dom-
inate over the entire stress and temperature ranges investigated. Average activation ener-
gy for copper is 17.4kcal/mole, and for brass is 25.2 kcal/mole. Maximum deviation in the
individual activation energies for both materials at each stress level was less than 7% of
the average value.

The significance of the measured n and Q values for impression creep in each system
can be evaluated by comparing these results to published Q and n values. summarized in
Table 2, obtained on conventional creep samples. The measured stress exponent of 4.0. al-
though slightly lower, is in reasonable agreement with the published values which range
between 4.5 and 5.0.

The published creep activation energies for brass and copper vary significantly. A com-

parison with the data in Table 2, shows that for both systems the apparent activation en-
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ergies for impression creep compare with

10 L L L] T L]
the lower values for conventional creep.

With the measured n and Q values for
impression creep of copper and brass, the
preexponential constants in Equation 1
were determined, and the following unifi-

ed velocity equations were developed(with
10}

v in mm/s and ¢ in MPa).

Punch Velocity (mm/s)

: v (copper)=7.1x 1071 0“exp(L"l;:;’]/m_OIe
@ 90 MPa

® 104 MPa ]
A 117 MPa (2)

)

Brass

Activation Energy
=25.2 kcal/mole
—25.2kcal/mole

bi =58x 107 o*
v, (brass) oexp( RT

)

10‘7 . ! ! 1 e (3)
1.28 1.30 1.32 1.34 1.36 1.38 1.40
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Fig. 9 The effect of temperature on the steady- These equations were shown to ade-

state impression punch velocity for  quately describe all of the impression

brass at three stresses. The slope is
equal to QR in Equation 1.

creep data of this study.

Impression Creep of Laminate Composites

Punch velocity data at positions that traverse the interface region are plotted as a func-
tion of location with respect to the interface in Fig. 10. Each data point in this figure indi-
cates the position of the punch centerline with respect to the interface. All tests plotted in
this figure were performed at a punch stress of 104 MPa(15 ksi) and a test temperature of
475C(855°F). Also indicated in this figure is the diameter of the indenter. Note that the in-
denter diameter is much larger than the symbols used to plot the data. Thus. a data point
located 0.5mm(0.020 in.) from the interface indicates that the punch is entirely within
one component, and that the punch wall is tangent or immediately adjacent to the inter-
face. Two predictions. based on a theory developed below for impression creep within a
multicomponent system. are also shown.

Figure 10 shows that in a test in which the punch was located entirely within the copp-
er but immediately adjacent to the interface. the punch velocity is approximately equal to
the average punch velocity within the copper away from the interface. This indicates that

the adjacent brass material had no effect on the punch velocity at this location. This same
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Fig. 10 Punch velocity in the interface region of the copper-brass laminate. The horizontal position
of the data indicates the location of the punch centerline with respect to the interface. The
punch stress was 104MPa, and the test temperature was 475C. Predictions of the composite
model for two assumed deformation zone sizes are shown.

observation holds true for tests conducted in the brass. Consider the data point located at
-0.62mm. In this case. the punch wall is only 0.12mm(0.005 in). from the interface. yet
the punch velocity is within the scatter for the average punch velocity within the brass.
These observations show that only the material immediately below the punch controls the

punch velocity.

Discussion

The effect of punch position with respect to the interface on the impression creep veloci-
ties can be evaluated following the composite modeling approach introduced by Gibbs(Ref.
17). This analysis, based on an isostrain composite, is summarized below and is a uniform
strain approximation of the deformation behavior within a nonuniform deformation zone.

The applied load in impression creep is supported by the effective volume of material
that is deformed below the punch. If this volume includes two components. then the appli-
ed load, F,, is:

F,=F,+ F, (4)
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where F; and F, are the loads supported by the two components.

The average applied stress within the deformation zone, 9,, is :

Op = P (5)

where A, is the actual punch area and ¢ is a paramenter(¢>1) that defines the size of the

deformation zone. Correspondingly. the stresses in each zone are :

‘71—Al (6)
— FZ
"2—A2 (7
where :
A +A,= dA, (8)

and A, and A, are the deformation areas in each component. The area fraction of each com-

ponent are :

XY= , (9)
AZ
= (10)

14

Combining Equations 6 to 10 with Equation 4 yields the rule of mixtures expression for

stress :

0,=X,0,+X, 0, (11D

For this system. the average punch velocity. v,. is equivalent to the punch velocities

within each zone. such that:
v, =V, =V, (12)
At a constant temperature(with K=Bexp(-Q/RT)) :

\11=1<l 01"1 (13)
v2=K2 o, (14)
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with n,;=n,. as is the case for the copper and brass of this study. combining Equations 12,

13. and 14 with Equation 11 yields :

0, =y W X, + _IYZ_.
b Vp k Vh K n
1 2

(15)

Solving Equation 15 for v, results in the following expression. which can be compared to

the experimental data :

o
=P @
v, X, N X, (16)

Kll/n K2Vn

To utilize Equation 16. two conditions must be specified:the position of the punch with
respect to the interface and the effective size of the deformation zone(i. e., ¢ in Equation
5). Previous analyses. which have included metallographic observations of surface defor-
mation adjacent to the punch(Refs. 14, 17) and slip line field calculations. have indicated
that the diameter of the deformation zone may be as much as three times the punch di-
ameter. A deformation zone diameter three times the punch diameter is described by an
a(in Equation 5) of 9.

To evaluate the data shown in Fig. 10. two predictions of the position-dependent impres-
sion punch velocity were made : one with an @ of 1, a calcuation that assumes the zone im-
mediately below the punch controls the punch velocity. and one with an @ of 9. The signifi-
cance of the choice of @ on the calculated component area fractions that correspond to a
specific punch position is illustrated in the following example calculation. With the inter-
face 0.4mm(0.016 in) from the centerline of a 1-mm(0.040-in.) diameter punch. the area
fraction of the minority constituent is only 0.052 for =1, but is 0.33 for a=9.

The predicted punch velocities for a values of 1 and 9 are plotted in Fig. 10 along with
the experimental data. Both calculations show a continuous transition in the impression
creep behavior across the interface. The continuous transition extends to further dis-
tances from the interface with an increase in a. A comparison of the experimental data
with the theoretical predictions in Fig. 10 shows that there is excellent agreement for the
case of a=1. This correlation implies that the material immediately below the punch pri-
marily controls the observed impression punch velocity.

In addition to the copper and brass data in which the creep rates of the base materials
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differed by less than one order of magnitude, the material immediately below the punch
controlled punch rates in a nickel-copper laminate composite, where the base metal im-
pression punch velocities differed by greater than two orders of magnitude(Ref. 22). The
observations in both the copper-brass and copper-nickel systems are significant with
respect to impression creep testing within weldments containing fine microstructural gra-
dients. The data provide an upper limit to punch diameter when attempting to character-
ize the creep properties of minute microstructural zones. As long as the punch fits entire-
ly within the microstructural zone of interest. the measured creep properties will not signi-
ficantly be affected by the adjacent microstructural zones.

A composite modeling approach has been presented for the analysis of impression creep
data in a simple two-component system. The theoretical predictions were shown to correlate
with experimental observations where the deformation zone that controls punch was assum-
ed equal to the punch diameter. In more complex systems. such as weldments in which the
deformation zone may contain more than two discrete microstructural zones or a continuous
microstructural gr‘adient, it should be possible to predict localized creep properties from im-
pression creep measurements by using a direct analog of the analysis presented in this paper.
An example analysis of this approach is presented elsewhere(Ref.22).

The impression creep test provides a simple method to evaluate the local creep proper-
ties of materials. Several potentie{l industrial applications exist :

1) The existence and location of zones with low creep strengths within a weldment can
be determined by a direct comparison of punch velocities. This information can guide weld-
ing procedure and material selection.

2) Changes in punch velocity and consequently creep resistance can be determined as a
function of time. This allows a direct comparison of the service behaviors of candidate ma-
terials. welding procedures. heat treatments, etc. The effects of time-dependent micros-
tructural changes(e.g.. carbide formation, grain growth and decarburization) can be eval
uated.

3) Punch velocity data can be used in an activation energy analysis. The resulting ac-
tivation energy can be used in a Larson-Miller type of analysis for the prediction of residu-

al life.

Conclusions

1) Impression creep data have been obtained for copper Alloys C11000 and C
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26000(brass). Both materials display a stress exponent equal to 4.0. Activation energies of
17.4kcal/mol for copper and 25.2kcal/mol for brass have been determined. These values
compare favorably with published values obtained from conventional creep tests.

2) Copper-brass laminates have been successfully fabricated by roll bonding. The materi-
als have provided ideal systems for modeling of microstructural gradients.

3) Based on the predictions of a two component composite model. the impression creep
punch velocity appears to be influenced primarily by material immediately under the
punch. This provides an upper limit to punch diameter when performing impression creep

tests within microstructural gradients such as weldments.
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