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High Temperature Impression Creep 

Testing of Weldments 

The impression creep test technique is capable of monitoring the 

localized creep resistance of the various microstructural zones in weldments 

BY W. S. GIBBS, S. H. WANG, D. K. MATLOCK, AND D. L. OLSON 

ABSTRACT. The impression creep test 
technique, a modified hot hardness test in 
which the time dependence of the inden-
tor displacement correlates directly to 
creep properties, has been utilized to 
measure the localized creep properties 
across welded joints. High temperature 
creep data, as a function of position, with 
respect to the fusion line, were measured 
on an autogeneous GTA aluminum weld 
and on an austenitic stainless steel to 
ferritic steel dissimilar metal weldment. 

The creep resistance of the aluminum 
weld decreased with position on travers
ing from the solidified weld metal to the 
base metal, and the variation in creep 
resistance with position was shown to 
correlate directly to gradients in micro-
structure. The creep resistance of the 
HAZ in the dissimilar metal weldment was 
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shown to decrease with time and corre
late to observed cracking in transition 
joints in fossil fuel power plants. Implica
tions for further application of the 
impression creep test to weldments are 
discussed. 

Introduction 

The evaluation of mechanical proper
ties of welded joints has received consid
erable attention in the past, because 
weldments are often nucleation sites for 
catastrophic failures. The process of 
welding, either during primary fabrication 
or field repair, results in the development 
of metallurgical joints with heteroge
neous microstructures and properties. 
The term "heterogeneous" indicates that 
the microstructures vary with position. 
This is in direct contrast to wrought base 
metals, which are assumed to possess 
essentially homogeneous microstructures 
and mechanical properties. 

Normally, weldment mechanical prop
erties are evaluated with the procedures 
and sample geometries which were orig
inally designed for metals with homoge
neous microstructures. For example, the 
tensile properties of a weldment can be 

obtained from standard samples ma
chined either perpendicular or parallel to 
the centerline of the weld bead. For the 
transverse sample, the tensile sample 
gage section contains the complete distri
bution of weldment microstructures, and 
the observed deformation behavior is 
controlled by the weakest zone. 

Tensile samples machined parallel to 
the weld centerline depend on location 
and may include only weld metal, or may 
include parallel zones of weld metal, heat 
affected zone, and base metal. For sam
ples machined parallel to the weld cen
terline, the observed deformation behav
ior results from an averaging of the vari
ous zones contained in the gage section. 
These two tensile sample orientations will 
in general provide different results. Simi
lar difficulties are observed in fracture 
testing in which the notch and corre
sponding fracture path, must be speci
fied prior to testing. 

Several publications (Refs. 1, 2) have 
shown that a more complete understand
ing of the mechanical properties of 
welded joints can only be achieved if the 
specific contributions of the zones in the 
heterogeneous microstructures are con
sidered. As a first approximation, weld-
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ments can be viewed as "composite" 
structures in which the elements of the 
composite are the different microstruc
tural zones. With an appropriate com
posite theory and the mechanical 
properties of the individual zones, it is 
conceivable that the average mechanical 
properties of the weldment could be 
predicted. 

The deformation and fracture behav
ior of individual zones within the hetero
geneous weldment are usually evaluated 
with one of the following two methods: 
machine sub-sized mechanical test speci
mens such that the gage length or frac
ture path includes only material from a 
specific region within the weldment (Ref. 
3); and produce bulk samples with micro-
structures which simulate those observed 
at specific locations within the weldment 
(Ref. 4). 

In this paper, a new mechanical test 
procedure for evaluating the position 
dependent mechanical properties across 
a weldment is considered. Specifically, 
the impression creep test technique 
developed by Li and his coworkers (Refs. 
5-8) is applied to monitor the effects of 
microstructural gradients on the localized 
high temperature creep properties in 
weldments. In the following sections, 
background information on the impres
sion creep test technique is first present
ed. Then creep failures, which develop in 
high temperature dissimilar metal transi
tion joints in power generating systems, 
are discussed to demonstrate the impor
tance of quantifying the position depen
dent creep properties across a weld
ment. Finally, impression creep data on 
pure aluminum gas tungsten arc (GTA) 
weldments and austenitic to ferritic dis
similar metal weldments are discussed. 

Measurements of Creep and Some 
Microstructural Effects 

Impression Creep Testing 

The impression creep test technique 
(Refs. 5-8) is essentially a modified hot 
hardness test in which the displacement 
as a function of time of a cylindrical 
punch under a constant load (and corre
spondingly a constant stress) is measured. 
The punch penetration rate (or impres
sion velocity) is controlled by the time 
dependence of the movement of mass 
from under the punch, and thus directly 
monitors the creep characteristics of a 
localized zone of material below the 
punch. Therefore, punch displacement 
and impression velocities are directly 
analogous to conventional creep strain 
and creep rates. 

Equivalency between impression creep 
testing and conventional creep testing is 
best demonstrated by considering the 
effects of stress and temperature on the 
appropriate deformation rates. The stress 

and temperature dependence of steady 
state creep has been shown by several 
investigators (Refs. 9, 10) to follow a 
unified equation of the following basic 
form: 

e = Aff"c exp(-Qc/RT) (1) 
where i is the steady state creep rate, nc 

is the stress exponent for conventional 
creep, Qc is the apparent activation 
energy for conventional creep, A is a 
structure sensitive constant, and R and T 
have their usual meaning. In a similar 
form, Li has shown (Ref. 5) that impres
sion creep velocities, n, can be described 
by: 

v = B(-) expf-Q^RT) 
K 

(2) 

where for impression creep, n: is the 
stress exponent, Q, is the apparent acti
vation energy, K is a stress correction 
factor which accounts for the constraint 
imposed by the non-deforming material 
on the deformation zone below the 
punch, and B is a constant which includes 
an effective gage length required to cor
relate punch velocities with creep rates 
(Ref. 7). 

Through an evaluation of the high 
temperature creep behavior of single 
crystals and pure polycrystalline 
materials, Li showed (Refs. 5-7) that 
n, = nc and Qi = Qc. This comparison 
indicates that the impression creep test, 
which monitors the creep behavior of a 
localized volume of material, can be used 
to evaluate the creep characteristics of 
materials. 

Microstructural Gradients in 
Weldments—An Example 

An example high temperature applica
tion, which illustrates the importance of 
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understanding the local creep properties 
within a heterogeneous weld zone, is the 
austenitic to ferritic steel transition joint 
used in fossil fuel power plant boiler 
tubes. Dissimilar metal tube joints histori
cally have exhibited poor service life as 
several service failures have occurred 
after exposure for times much less than 
the designed life of 300,000 hours (h) 
(Ref. 11). In general, failures occur parallel 
to the fusion line in the 2 lA Cr-1Mo steel 
at a location one or two grains from the 
fusion line (Refs. 12, 13). The failures are 
characteristic creep rupture failures with 
evidence of grain boundary sliding con
trolled creep crack growth (Ref. 12). The 
critical feature of these failures is that the 
creep crack growth occurs in a specific 
microstructural band within the micro-
structural gradient associated with the 
weld. 

Compared to similar metal weldments 
in which the weld metal composition 
closely approximates the base metal 
composition, dissimilar metal weldments 
more significantly perturb the local micro-
structures and properties of the welded 
joint. To illustrate the effects of welding 
and thermal history on microstructural 
gradients in dissimilar metal weldments, 
2 '4Cr-1Mo steel to Type 316 stainless 
steel submerged arc welds with Type 310 
stainless steel filler metal were prepared 
as part of this study on impression creep. 
The resulting microstructural gradients, 
etched irr 2% nital to show the ferritic 
microstructures, are presented in Fig. 1 
for the as-welded condition and in Fig. 2 
for a sample aged 120 h at 675°C 
(1247°F). Based on a Larson-Miller calcu
lation, the 120 h at 675°C (1247°F) simu
lates approximately one to two years 
service at a more typical operating tem
perature of 593°C (1099°F). 

B C 

HEAT AFFECTED ZONE 

2 l/4Cr - IMo 
BASE METAL 

@ 

Fig. 1— As-welded microstructures of a 2!4Cr-1Mo steel to Type 316 stainless steel dissimilar 
weldment joined with Type 310 stainless steel filler metal: A—adjacent to the fusion line; B—at 
approximately 1.1 mm (0.043 in.) from the fusion line; C-at approximately 2.4 mm (0.94 in.) from 
the fusion line 
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Fig. 2—Microstructures of a 214 Cr- IMo steel to Type 316 stainless steel dissimilar weldment joint 
with a Type 310 stainless steel filler metal; weldment was aged 120 h at 675° C (1247 °F): 
A—adjacent to the fusion tine; B—at approximately 1.1 mm (0.043 in.) from the fusion line; 
C—approximately 2.4 mm (0.94 in.) from the fusion line 

In the as-welded condition of Fig. 1, 
the 2'/4Cr-1Mo steel exhibits a micro-
structural gradient from the weld metal to 
the base metal. The gradient can be 
approximated by four sequential re
gions: 

1. Bainite adjacent to the weld pool. 
2. Fine-grained proeutectoid ferrite 

with fine ferrite-carbide aggregates. 
3. A partially transformed zone with 

localized regions of bainite in a matrix 
which consists of the base plate micro-
structure in a tempered condition. 

4. The tempered base plate micro-
structure of coarse ferrite with uniformly 
distributed carbide. 

After aging at high temperatures, sig
nificant changes to the microstructural 
gradient develop. First, due to the differ
ences in the chemical potential of carbon 
in austenite, with respect to carbon in 
ferrite, carbon diffuses from the 2 VA Cr-
1Mo steel to the austenitic weld pool. 
Adjacent to the fusion line, a carbon 
depleted zone in the 2'/4Cr-1Mo steel 
and a carbon-enriched zone at the 
boundary of the austenitic weld pool 
develop. 

The carbon depleted zone, shown in 
Fig. 2, consists of large ferrite grains with 
a low density of uniformly dispersed 
carbides; while the carbon enriched zone 
in the austenite exhibits carbides not 
present in the as-welded condition. Adja
cent to the carbon depleted zone in the 
base metal is a region of large grain ferrite 
with a higher carbide density. This zone 
formed from the bainite present on weld
ing and exhibits evidence of the prior 
bainitic structure. The next zone consists 
of equiaxed fine grain ferrite with a uni
form carbide distribution. The remainder 
of the plate is tempered base metal with 

a ferrite grain size intermediate to the 
coarse and fine grained zones discussed 
above. 

The microstructural gradients which 
develop due to the combined effects of 
welding and aging during service corre
late directly with observed service fail
ures. Specifically, service failures result 
from the growth of low ductility grain 
boundary sliding controlled creep cracks 
in the carbon depleted, large grain zone 
(Refs. 11, 13). As an example, Fig. 3 
shows a creep crack which developed in 
service in a dissimilar metal weldment 
received from the American Electric Pow
er Service Corporation (Ref. 12). 

Several studies have shown that the 
creep cracks in dissimilar metal weld
ments are a direct result of the high local 
stresses, which develop in the ferrite due 
to both the thermal expansion mismatch 
and the discontinuity in creep resistance 
between the ferritic base metal and the 

Fig. 3—An optical micrograph of cracking in 
the ferritic steel adjacent to the fusion line in a 
dissimilar metal weldment which experienced 
20 years at approximately 500°C (932°F) 

austenitic weld metal (Refs. 13,14). In Fig. 
3, the loss of creep resistance due to 
decarburization in the 2ViCr-1Mo steel 
concentrated the creep deformation in a 
localized zone within the heat-affected 
zone. Thus, for a proper description of 
the creep processes associated with the 
cracking, knowledge of the creep behav
ior of the zone adjacent to the weld 
metal is required. In the following sec
tions, results on the application of the 
impression creep testing technique to the 
evaluation of localized creep properties 
in weldments is presented. 

Experimental Procedure 

An impression creep system (Refs. 5, 6, 
7) was constructed within a purified 
argon-filled glove box. Loads were 
applied through cylindrical punches of 
either AI2O3 or molybdenum. AI2O3 
punches were 0.92 mm (0.036 in.) in 
diameter and were used with the alumi
num samples; the molybdenum punches 
were 1.0 mm (0.04 in.) in diameter and 
were used with the steel samples. The 
punches were mounted to a loading rod, 
guided with linear bearings, and displace
ments were measured with a linear vari
able differential transformer (LVDT). 

With this system, displacements to 
± 1 X 1 0 - 7 m (4 X 10 - 6 in.) were contin
uously recorded on a strip chart record
er. The samples with support rod and the 
punch assembly were contained within a 
split, resistance wound furnace and tem
perature was maintained to within ± 1°C 
(1.8°F). Details of the test system are 
described further by Gibbs (Ref. 15). 

Two sets of weldments were used for 
this study. First, autogeneous gas tung
sten arc (GTA) welds on 99.999% alumi
num were prepared. These weldments 
provided samples with a simple micro-
structural gradient consisting primarily of 
variations in grain size and grain shape. 
Prior to welding, the aluminum samples 
were annealed for 15 minutes (min) at 
450°C (842°F). The second set were 
the 2!4Cr-1Mo steel to Type 316 stain
less steel submerged arc weldments 
discussed in conjunction with Figs. 1 
and 2. 

Prior to testing, all impression creep 
samples were ground flat, to approxi
mately 8 mm (0.31 in.) thick slices, pol
ished with alumina, and lightly etched in 
2% nital to reveal the fusion line. Samples 
were placed into the impression creep 
system and the temperature was stabi
lized prior to the application of the creep 
load. 

Results and Discussion 
Alumium Weldments 

The impression creep properties of the 
99.999% aluminum base material were 
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Fig. 4 — Punch displacement vs. time data for 99.999% Al in the temperature range of 325 to 422 °C 
(617 to 792"F) at an impression stress of 20 MPa (2.9 ksi) 
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Fig. 5—Arrhenius analysis of steady state dis
placement velocities for 99.999% Al samples 
tested from 325 to 422°C (617 to 792°F) 

evaluated as a funct ion of tempera ture at 
a constant stress of 20 MPa (2.9 ksi); the 
resulting displacement-t ime data are pre
sented in Fig. 4. Similar to normal creep 
data, the impression creep curves in Fig. 4 
suggest a region of pr imary c reep in 
wh ich the displacement veloci ty de
creases w i t h strain f o l l owed by a region 
o f essentially steady-state creep in wh i ch 
the displacement veloci ty is independent 
o f strain. 

The displacement velocit ies in the 
steady-state creep regions o f Fig. 4 w e r e 
evaluated accord ing t o equat ion (2) and 
are shown in Fig. 5, wh i ch is a plot of the 
displacement veloci ty vs. the inverse of 
the absolute test temperature . From Fig. 
5, an apparent act ivat ion energy for 
impression creep of 27 kca l /mo le was 
de te rmined . This value is in excellent 
agreement w i t h the values o f 28 t o 34 
kca l /mo le of Sherby and Burke (Ref. 9) 
for normal c reep of pure a luminum in the 
tempera ture range of 325 to 425°C (617 
to 797 °F). These data ver i fy the applica
bility of the impression creep test tech-

0.4 mm 

Fig. 7 — Optical photograph of surface defor
mation for 99.999% Al at 385°C(725"F) for an 
impression stress of 30 MPa (4.35 ksi); grain 
boundary sliding can be observed around the 
punch impression 
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-Punch velocity vs. distance from the fusion line for 99.999% Al autogeneous GTA 
weldment; the size of the punch is shown schematically in lower half of the illustration 

nique for measuring the creep behavior 
of polycrystall ine material. 

The impression creep behavior of the 
99.999% aluminum GTA w e l d m e n t was 
evaluated at 20 MPa (2.9 ksi) and 3 5 0 ° C 
(662 °F). A series o f impression creep 
tests, wh ich represented a traverse f r o m 
the base metal to the w e l d metal , w e r e 
run, and the resulting steady-state 
impression velocit ies are p lo t ted in Fig. 6 
as a funct ion of posi t ion w i t h respect t o 
the fusion line. These results show that 
the creep resistance of the w e l d metal , as 
ev idenced by the significantly l owe r 
impression creep veloci ty, is significantly 
greater than the cor responding base met 
al. Also there appears t o be a gradual 
transition in creep behavior across the 
fusion line. For reference, the punch 
diameter is s h o w n by the large circles on 

the lower half of Fig. 6. 
An understanding of the apparent t ran

sition in creep behavior across the fusion 
line can be obta ined f r o m an analysis of 
the surface de fo rmat ion morpho logy 
a round the punch . Opt ica l photographs 
of the surface de fo rmat ion are s h o w n in 
Fig. 7 for the base metal and in Fig. 8 for 
the punch located adjacent t o the fusion 
line. Due t o the constraint o f the n o n -
de fo rm ing bulk material, plastic f l o w 
b e l o w the punch is accommoda ted by 
surface de fo rmat ion a round the punch . 

To illustrate this point , the de fo rmat ion 
field a round a punch in impression creep 
is shown in Fig. 9, a schematic d raw ing o f 
a cross-section th rough the d e f o r m e d 
zone. Figure 9 indicates that the material 
b e l o w the punch must f l o w radially t o 
accommoda te the punch displacement 
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Fig. 8 —Optical photograph of surface defor
mation in aluminum GTA weldment; the punch 
is located in the base metal adjacent to the 
fusion line and deformation is concentrated in 
the base metal 

and as a result the surface de forms 
around the punch . 

A n analysis o f Figs. 7 and 8, in conjunc
t ion w i th Fig. 9, indicates that de fo rma
t ion a round the punch was un i fo rm in the 
base metal and nonun i fo rm along the 
fusion line w i t h de fo rmat ion concen
t rated in the base metal . There fore , the 
rate o f punch penetrat ion is cont ro l led by 
the distr ibut ion of strain in the d e f o r m e d 
zone b e l o w the punch . 

The gradual transit ion in creep resis
tance s h o w n in the impression creep 
traverse o f Fig. 6 reflects the compos i te 

Table 1—Location of Impression Creep 
Tests in 2'/4Cr-1Mo Steel to Type 316 
Stainless Steel Weldments 

iO-

Fig. 9 —A schematic illustration of the deforma
tion field around a punch during impression 
creep testing 

c reep proper t ies o t a de fo rma t ion zone 
wh ich contains bo th the c reep resistant 
w e l d metal and the base metal . The 
relative vo lume fractions o f the base 
material and w e l d metal change w i t h 
posi t ion of the punch , and the observed 
transit ion in impression creep propert ies 
have been s h o w n (Ref. 15) t o fo l l ow a 
simple rule-of-mixtures. The increased 
creep resistance o f the w e l d metal is 
a t t r ibuted to the increased grain size of 
the columnar grains and the effects of 
impur i ty p ick-up dur ing the we ld ing oper 
at ion. 

Dissimilar Metal Weldments 

Impression creep tests o f the 2 V i C r -
1 M o steel to Type 316 stainless steel 
we ldments s h o w n in Fig. 1 w e r e mea
sured as a funct ion of posi t ion at 6 7 5 ° C 
(1247°F) w i t h an appl ied stress of 172 
MPa (24.9 ksi). Data w e r e obta ined at the 
positions indicated in Table 1 and a n e w 
as-welded sample was used fo r each test. 

Samples 
number 

W1 
W2 
W3 
W4 
W5 
W6 
W7 

Distance from 
fusion line, (mm)'a) 

+3.4 
+2.3 
+ 1.7 
+0.6 
+0.2 
- 2 . 4 
- 5 . 6 

(a) The positive (+) dimensions are measured from the fusion 
line into the 2 V* Cr-IMo steel; the negative (—) dimensions are 
into the weld metals. 

The resulting punch displacement vs. 
t ime data are presented in Fig. 10. These 
data appear similar to normal creep 
curves and clearly vary w i t h posi t ion. 

From the displacement-t ime data, 
average impression velocit ies w e r e 
obta ined, b o t h at the beginning o f the 
test (one hour) and dur ing the apparent 
steady state region b e t w e e n 50 to 100 h. 
The initial velocit ies reflect the as-welded 
starting microstructure, i.e., Fig. 1, whi le 
the average velocit ies b e t w e e n 50 to 100 
h directly measure the effects of the aged 
microstructures in Fig. 2. 

These velocit ies are p lo t ted in Fig. 11 
for data obta ined w i t h a 1 m m (0.04 in.) 
d iameter punch and show a significant 
decrease in c reep resistance f r o m the 
austenitic w e l d metal t o the ferrit ic base 
metal . In addi t ion, the m in imum creep 
resistance, i.e., the max imum impression 
veloci ty for b o t h the as-welded and aged 
condi t ion occurs w i th in the microstruc
tural gradient of the heat-af fected zone. 
Fur thermore, these data clearly show that 
the creep propert ies o f the heat af fected 
zone are significantly degraded w i t h 
aging at high temperatures. This observa-

250 
2 '/, Cr - I Mo Base Metal 
3I0 S.S. Weld Metal 

I 50 
TIME (hrs) 

Fig. 10 — Time-displacement data for the 2 ]A Cr- IMo steel to Type 3 76 
stainless steel weldment joined with Type 310 stainless steel filler metal; 
the sample positions are shown in Table 1 
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Fig. 11 —Punch velocity vs. distance from the fusion line for 2 ]A Cr-
IMo steel to Type 316 stainless steel weldment joined with Type 310 
stainless steel filler metal; velocity profiles are shown for 1 h after 
beginning the test and the average velocity for the last 50 h of 
testing 
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tion is consistent with the development 
of the decarburized zone adjacent to the 
fusion line and the corresponding micro-
structural gradient shown in Fig. 2 and 
with the development of the heat affect
ed zone cracking shown in Fig. 3. 

As shown in the previous analysis of 
creep in GTA aluminum weldments, the 
individual impression velocities within the 
heat-affected zone represent an average 
creep resistance of the microstructural 
gradient below the punch. Thus, adjacent 
to the fusion line in aged material, the 
apparent increase in creep resistance 
{i.e., decrease in impression velocity), 
when the fusion line is approached from 
the base metal, reflects the combined 
effects of increased contributions of the 
creep resistant austenitic weld metal and 
the gradients in creep resistance of the 
decarburized base metal. Adjacent to the 
fusion line the creep resistance of the 
ferritic base metal should be lowest (Ref. 
16); however, due to the constraint 
effects imposed by the weld metal, the 
apparent creep resistance is high. 

Conclusions 

This study has demonstrated the appli
cability of the impression creep test tech
nique to evaluating the position depen
dent creep properties associated with 
microstructural gradients developed in 
welding. Transition in creep properties 
were observed in an autogeneous GTA 
aluminum weld and in an austenitic stain
less steel to ferritic steel dissimilar metal 
weldment. Furthermore, in the dissimilar 
metal weldment, the minimum in creep 
resistance was shown to occur in a zone 
adjacent to the fusion line where creep 

cracking has been observed to develop 
in sen/ice. 

Further studies on impression creep 
testing are required in order to refine the 
test procedures for weldments and data 
analysis. Improved data on localized 
microstructures could be obtained with 
smaller diameter punches. In addition, it is 
conceivable that portable impression 
creep systems could be developed to 
evaluate in-situ creep properties of high 
temperature system components. 
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