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ABSTRACT. The mechanical response to 
elevated-temperature deformation was 
assessed for weld heat-affected-zone 
(HAZ) and base-metal microstructures in 
2.25Cr-lMo steel. A constant-displace- 
ment-rate (CDR) test, capable of deter- 
mining long-time, notch-sensitivity ten- 
dencies, was implemented on a Gleeble 
1500 thermal/mechanical simulator and 
an Instron. Microstructures representa- 
tive of the coarse-grained, grain-refined, 
and intercritical regions of the HAZ were 
simulated on a Gleeble. Microstructural 
reproduction reflected the preheat and 
postweld heat treatments in accordance 
with the required codes. 

A K~ analysis of the data was con- 
ducted, which showed that small-scale 
yielding criteria were adhered to 
throughout the test. The highest K, values 
were fou nd for the base metal. Failure oc- 
curred at the peak load for the coarse- 
grained microstructural region; no K~ 
analysis was possible. An empirically de- 
rived relationship for CrMoV steels be- 
tween the displacement-at-failure value 
in the CDR test and the estimated service 
life was employed. Both the Gleeble and 
Instron tests showed the coarse-grained 
region to have the shortest estimated ser- 
vice life. 

The test results indicated that the high- 
temperature extensometer control of the 
Instron was better able to maintain stable 
crack growth after peak load than the 
crosshead control of the Gleeble. The CDR 
test was seen to be an effective, short-time 
procedure to delineate and compare the 
strength and relative service life of the 
structures present in the weld HAZ. 
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Introduction 

The HAZ of a weld is defined as that 
portion of the base metal that has not 
been melted but whose microstructure 
and properties have been altered by the 
welding process. The effect of welding 
thermal cycles on the microstructure and 
mechanical properties of the HAZ has 
been studied for a variety of metals. Of 
particular interest have been impact 
properties of the HAZ. The traditional ap- 
proach of such studies has been to cor- 
relate the room-temperature mechanical 
response with the microstructure and its 
corresponding thermal cycle. 

For Cr-Mo steels, investigation has 
centered on creep-rupture properties. 
These materials have found common use 
in elevated-temperature piping and pres- 
sure-vessel components. The results of 
creep rupture testing are plotted as rup- 
ture stress vs. the Larson-Miller Parame- 
ter. Evaluation of test data is accom- 
plished by a comparison to the 
established data, such as ASTM DS 6S2 
for 2.25Cr-1Mo steel (Ref. 1 ). 

Lundin, et al. (Refs. 2-4), have con- 
ducted extensive work in the elevated- 
temperature properties of Cr-Mo steels. 
This research has included repair and 
evaluation of service-exposed material, 
as well as an examination of carbide 
morphology and distribution in new and 
service-exposed material. 

In light of past research, it is possible 
to make certain generalizations about the 
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room-temperature properties of the three 
major regions of the HAZ in ferrous al- 
loys: the coarse-grained, grain-refined, 
and intercritical regions. The coarse- 
grained region has the lowest strength 
and toughness, whereas the grain-refined 
region possesses the highest strength and 
the lowest ductile-to-brittle transition 
temperature. The properties of the inter- 
critical region depend largely upon the 
amount of transformation and whether 
martensite was produced during cooling. 

Although these room-temperature 
properties are well known, no systematic 
study has been undertaken to characterize 
the HAZ response to elevated-tempera- 
ture deformation. Because creep rates 
generally decrease with increasing grain 
size at elevated temperature, the creep re- 
sistance of the coarse-grained region may 
show improvement compared to the other 
regions at higher temperatures. 

It was the intent of this investigation to 
assess the mechanical response of the 
HAZ and base-metal microstructures to 
elevated-temperature deformation in 
2.25Cr-1Mo steel, which is commonly 
used in pressure-vessel and piping appli- 
cations at elevated temperatures. A con- 
stant-displacement-rate (CDR) test was 
employed to evaluate the tendencies of 
the various heat-affected-zone regions to 
embrittle in long-time, stress-rupture tests. 

Material 

The 2.25Cr-1Mo alloy steel, pressure- 
vessel plate, ASME specification SA- 
387Gr22-Class 2, was used in this inves- 
tigation. The plate thickness was 19 mm 
(0.75 in.). The specification for this steel 
requires a minimum yield strength of 310 
MPa (45 ksi), a tensile strength range of 
515-690 MPa (75-100 ksi) and a mini- 
mum reduction in area of 40%. The ven- 
dor-supplied mechanical properties in 
the transverse direction were: 478 MPa 
(69 ksi) yield strength, 585 MPa (85 ksi) 
tensile strength and 41.2% reduction in 
area. The composition of the steel is 
given in Table 1. 
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Material was supplied in the normal- 
ized-and-tempered condition. The plate 
was austenitized at 920°C (1688°F) for 
2.5 rain per mm of thickness and air 
cooled. This was fol lowed by a 730°C 
(1346°F) temper for 3 h in air. The as-re- 
ceive(I, tempered-bainite microstructure 
is shown in Fig. 1. The prior-austenitic- 
grain diameter in the transverse direction 
was 22 lum (ASTM grain size 8) as mea- 
sured by the l ine-intercept method. A 
hardness value of HV 191 (500 g, 15 s) 
was obtained as the average of eight 
r e a d i n g s .  

Thermal-Cycle Simulation 

Experimental Procedure 

C y l i n d r i c a l  b a r s  w e r e  m a c h i n e d  f r o m  

the as-received plate for subsequent ther- 
mal-cycle simulation. The roll ing direc- 
tion ,,',,as along the longitudinal axis of the 
bars. An oversized radius allowed for fin- 
ish machining after thermal-cycle simu- 
lation. 

The 0.25-mm (0.010-in.), two-wire, 
chromel-alumel thermocouples were 
percussion welded to the cylindrical test 
bars. The thermocouple-base metal joint 
was later removed during final machin- 
ing of the notch in the specimen. The 
bars were thermally cycled in air in a 
Gleeble with a 20-mm (0.8-in.) jaw spac- 
ing. The water-cooled Gleeble jaws ex- 
tract heat from the test bar. Jaw separa- 
tions of 25-32 mm (1-1.25 in.) are 
common; a reduced spacing was used in 
this instance to obtain the severe cooling 
rates associated with welding. 

HAZ thermal cycles were simulated 
using the results of the method of Nippes, 
Merri l l  and Savage (Ref. 5) to represent a 

weld with an energy input of 3.0 
kl/mm (76.2 M/in.). Exact thermal 
cycles were determined from 
data or iginal ly acquired for arc 
welds in 25-rnm (1-in.), carbon- 
steel plate. The use of these data 
has been extended to ferrous ma- 
terials with low alloy concentra- 
tions. 

Welding codes (Ref. 6) spec- 
ify preheat temperatures for the 
plate during welding to reduce 
subsequent cool ing rates and 
thereby avoid the formation of 
hard, brittle martensite. A mini- 
mum preheat of 150°C (300°F) is 
prescribed, with higher temper- 
atures recommended for plate 
thicknesses above 19 mm (0.75 
in.). The simulated thermal cy- 
cles were representative of a weld in 25- 
mm plate and reflected the use of a 
250°C (480°F) preheat. 

Postweld heat treatment (PWHT) acts 
to ameliorate the effects of residual stress 
or any martensite that may have formed. 
C o d e s  require a 6 9 0 ° C - 7 5 0 ° C  

(1275°-1375°F) PWHT for 2 min per mm 
of thickness, with a minimum of 15 rain. 
Temperatures at the low end of this range 
are used by the power-generation indus- 
tries to promote creep and rupture 
strength. Temperatures at the upper end 
of the PWHT range are used to promote 
resistance to corrosion and hydrogen 
embrittlement, which is necessary in the 
petrochemical industries. 

The PWHT temperature used in this 
study was 690°C (1275°F), which is mid- 
way between the base-metal tempering 
temperature of 730°C (1346°F) and the 
CDR testing temperature of 650°C 
(1202°F). Subsequent to PWHT, the 
cyl indr ical  bars were f inish-machined 

F i ,q .  1 - -  As received, ten}pered-bainitic microstru(ture, 
transverse direction. 4% Picral. 

into CDR test specimens - -  Fig. 2. 

Material Response 

During the welding process, the peak 
temperature experienced by the base 
plate decreases with distance from the 
weld centerline. The resulting range of 
peak temperatures gives rise to distinct 
microstructura[ regions within the HAZ. 
Two methods of quantifying thermal cy- 
cles in steels are to specify the time re- 
quired to cool from 800 ° to 500°C (1472 ° 
to 932°F) and to reference the cooling 
rate at 480°C (900°F). The former relates 
to the time available for the nucleation 
and growth of pearlite to occur; the latter 
indicates the cooling rate near the knee 
of the cont inuous-cool ing-transforma- 
tion curve. In this investigation, three 
HAZ microstructural regions were simu- 
lated - -  Fig. 3. 

Dur ing simulat ion of the coarse- 
grained region, the base metal was com- 
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Table 1 --As-Received Composition of 
ASTM SA-387-GR22 

Element Weight-% 

carbon 0.130 
chromium 2.201 
molybdenum 0.910 
silicon 0.217 
manganese 0.500 
sulfur 0.013 
phosphorus 0.013 
copper 0.234 
nickel 0.100 
vanadium 0.002 
niobium 0.001 
iron balance 

pletely transformed to austenite during 
heating. The peak temperature of 1225°C 
(2237°F), which corresponds to a posi- 
tion high in the austenite phase field, al- 
lowed grain growth to occur. The 800 ° to 
500°C cooling time was 42.5 s; the cool- 
ing rate at 480°C was 1.9°C/s (3.4°F/s). 
Upon cooling, these coarsened grains 

transformed to bainite - -  Fig. 4A. The 
prior austenitic grain size was 31 I.tm 
(ASTM 7). The hardness of the as-simu- 
lated microstructure was HV 351; after 
PWHT (Fig. 4B), the hardness of this 
structure had decreased to HV 247. 

The peak temperature for the simula- 
tion of the grain-refined region, 915°C 
(1679°F), was located just above the A3 
transformation; this simulation limited 
the amount of time and temperature in 
the austenite phase field. Although the 
microstructure completely transformed 
to austenite, there was no substantial 
grain growth. The cooling time from 
800°-500°C was 42.8 s; the cooling rate 
at 480°C was 1.9°C/s. Figure 5A shows 
the bainitic structure formed upon cool- 
ing. The prior-austenitic grain size in the 
transverse direction was 16 I.tm (ASTM 
9). The as-simulated hardness was HV 
350; after PWHT (Fig. 5B), the value was 
HV 210. 

The peak temperature for the inter- 
critical-region simulation, 835°C 

(1535°F), fell between the A~ and A3 tem- 
peratures. As such, the bainitic structure 
only partially transformed to austenite. 
The percentage of transformation was 
measured at 40% by the point-count 
method. The grain size of these trans- 
formed regions was 13 ~m (ASTM 9.5). 
The 800 ° to 500°C cooling time was 43.4 
s; the cooling rate at 480°C was 1.9°C/s. 
The significance of these values is di- 
minished, however, because of the in- 
complete transformation. The structures 
upon cooling and after PWHT are shown 
in Figs. 6A and B, respectively. 

An overall hardness value for the in- 
tercritical structure was HV 225. How- 
ever, because the carbon content of the 
transformed regions was necessarily 
higher than in the overall material, con- 
siderable variation was noted in the as- 
simulated microstructure. An average 
microhardness of HV 280 (100 g) was 
found for the transformed regions. After 
PWHT, it was not possible to distinguish 
the transformed regions optically; the av- 

Fig. 4 - -  A - -  As-s imulated coarse-grained microst ructure;  B - -  after 
PWHT. 4% Picral. 

Fig. 5 - -  A - -  As-s imulated gra in-ref ined microstructure;  B - -  after 
PWHT. 4% Picral. 
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Fig. 6 - -  A - -  As -s imu la ted  in tercr i t i ca l  m ic ros t ruc tu re ;  B - -  af ter PWHT.  4 %  Picral. 

erage hardness of this microstructure was 
HV 185. 

C D R  Test ing  

In the mid-1970s, J. Pepe (Ref. 7) de- 
veloped a short-time test that was based 
on the constant-displacement-rate test- 
ing of a notched-bar geometry. The test 
was capable of determining the long- 
time, notch-sensitivity tendencies of 1Cr- 
1Mo-0.25V rotor-forging materials. 

Pepe noted that the elevated-temper- 
ature rupture strength is a typical design 
parameter and can be estimated by using 
the Larson-Miller parameter. However, 
no accelerated test had been developed 
to predict long-time notch sensitivity, 

even though adequate notch sensitivity is 
"crucial to insure reliable component op- 
eration within design life." 

Figure 7 depicts the generalized load- 
displacement information obtained from 
CDR testing. A notched bar was elon- 
gated at a constant rate at a temperature 
near the upper service temperature of the 
material. Force, monitored during defor- 
mation, was seen to rise to a peak value; 
beyond the peak value, crack propaga- 
tion led to a reduction in cross-sectional 
area and a decrease in force. The dis- 
placement rate was low, 0.05 mm/h 
(0.002 in./h), and was measured at the 
notch; this a l lowed for stable crack 
growth up to failure. Displacement-at- 
failure was defined as the displacement 

at a lower force limit, which was chosen 
as 445 N (100 Ib). 

Parallel to the CDR tests, constant- 
load rupture tests were conducted by 
Pepe on both smooth and notched bars of 
CrMoV material. Stress values were cal- 
culated for the full diameter of the smooth 
bar and for the reduced cross-sectional 
area of the notched bar; thus, the notched 
bar was seen to exhibit greater strength 
initially. For brittle materials, premature 
crack formation led to early failure in the 
notched bar. A cross-over time was noted 
beyond which the notched bar exhibited 
lower rupture strength than the smooth 
bar. An empirical correlation was devel- 
oped between the displacement-at-fail- 
ure values of the CDR test and this 

Table 2 - -  Results of Gleeble CDR Testing 

Time 
at Failure 

Microstructure (104 s) 

Base metal 1.02 
1.10 

average 1.06 
Coarse-grained 0.57 

0.64 
average 0.61 
Grain-refined 1.11 

1.10 
average 1.11 
Intercritical 1.24 

1.18 
average 1.2 / 

(al Shown in Fig. 8. 
(b) Used for Fig. 14. 

Displacement Peak Force Slope after Peak 
at Failure --- 1/4% Force, kN/mm 

mm (0.001 in.) kN (Ib) (Ib/0.001 in.) 

0.72 (28) 9.52 (2140) (a)(bJ -13 (-76) 
0.78 (31) 9.25 (2080) -12 (-70) 
0.75 (30) 9.39 (2110) -13 (-73) 
0.40 (16) 10.1 (2260) (a~ N/A 
0.45 (18) 10.5 (2360) N/A 
0.43 (17) 10.3 (2310) N/A 
0.78 (31) 9.21 (2070) lal -16 (-93) 
0.78 (31) 8.45 (1900) Ib) -17 (-96) 
0.78 (31) 8.85 (1990) -17 (-95) 
0.87 (34) 8.63 (1940) (a) -10 (-59) 
0.83 (33) 8.81 (1980) Ib) -12 (-67) 
0.85 (34) 8.72 (1960) -11 (-63) 

Table 3 - -  Results of Instron CDR Testing 

Time at 
Failure 

Microstructure (104 s) 

Base metal 6.3 
Coarse-grained 1.1 
Grain-refined 7.7 
Intercritical 6.7 

Displacement Peak Force Slope after Peak 
at Failure _+45N (10 Ib) Force, kN/mm 

mm (0.001-in) kN (Ib) (Ib/0.001 in) 

0.89 (35) 1.7 (380) -0.9 (-5) 
0.15 (6) 1.6 (360) N/A 
1.09 (43) 1.2 (274) -0.7 (-4) 
0.94 (37) 1.3 (290) -0.7 (-4) 
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Fig. 7 - -  Generalized load-displacement curve from CDR test. 

crossover-time parameter in the conven- 
tional, stress-rupture tests. 

Implementation of the CDR test on the 
Gleeble was accomplished by W. F. Sav- 
age (Ref. 8); the test had been developed 
on an Instron testing machine. His tests 
of 1.25Cr-0.5Mo weld and base metals 
were conducted at a displacement rate of 
0.25 mm/h (0.01 in./h). He noted that 
CDR testing could be conducted in the 
range of 0.05-0.25 mm/h (0.002-0.01 
in./h) without strain-rate effects. 

Exper imenta l  P rocedure  

Gleeble CDR testing 

CDR testing on the Gleeble was con- 
trolled by a computer; a data-acquisition 
system recorded temperature, force on 
the test specimen, and crosshead speed. 
The programmed crosshead speed was 
0.25 mm/h (0.01 in./h). A 650°C (I 202°F) 
test temperature was maintained at the 
root of the notch in the specimen. 

It was felt that a thermocouple welded 
at the root of the notch would affect the 
test results; therefore, direct temperature 
measurement was not possible. Prelimi- 
nary tests were performed with thermo- 
couples at the root of the notch and on 
the outer diameter of the bar, within 1 
mm of the edge of the notch. It was de- 
termined that a temperature of 650°C at 
the root of the notch corresponded to 
635°C (1175°F) at the outer thermocou- 
pie. This temperature, 635°C, was used 
for temperature control with the Gleeble. 

In the actual test, temperature at the 
controlling thermocouple was linearly 
increased to 635°C in 2 min. This tem- 
perature was held for 2 min prior to the 
commencement of the crosshead dis- 
placement. For all tests completed on the 
Gleeble, fracture occurred after peak 
load, but before the load had decreased 
to the 445-N (100-1b) limit. When the test 
specimen fractured, the electrical circuit 
of the Gleeble was broken, data acquisi- 
tion ceased, and the machine turned it- 
self off. The crosshead was manually re- 

tracted, and the specimen was removed 
after it had cooled to room temperature. 

Instron CDR testing 

For testing in the Instron Model 8562, 
the specimen was positioned in 
threaded, stainless steel grips. A cross- 
wire-welded thermocouple was ce- 
mented to the specimen such that its tip 
was positioned next to the notch. A fur- 
nace attachment, consisting of six 
molybdenum-disilicide heating coils be- 
hind alumina brick, surrounded the spec- 
imen during testing. 

As the furnace heated to 650°C prior 
to testing, the crosshead of the Instron 
was retracted so as to maintain a force of 
89 N (20 Ib) on the test specimen. The 
displacement rate, 0.05 mm/h (0.002 
in./h) was measured at the notch by an 
extensometer. The value of the force was 
monitored past peak load and down to 
178 N (40 Ib). If the specimen had not 
fractured prior to this limit, it was pulled 
to failure after the furnace had cooled to 
room temperature. 

Results 

Gleeble CDR testing 

Duplicate CDR tests were performed 
on the Gleeble for base-metal samples 
and samples with microstructures repre- 
senting the coarse-grained, grain-refined, 
and intercritical regions of the weld HAZ. 
Figure 8 depicts the results of one test for 
each of these four microstructural re- 
gions. Noted for each test were the peak 
force, and the time-at-failure value. 
Time-at-failure values were converted to 
displacement-at-failure values through 
the constant displacement rate. 

Table 2 lists the results of the Gleeble 
testing. Included in this table is a calcu- 
lation of the slope of the force vs. dis- 
placement curve after peak load. From 
Fig. 8, data in this region appeared linear. 

Table 4 - -  Relative Service-Life Estimates Calculated from Displacement-at-Failure Values 

Displacement at Normalized to Base Fourth Power of 
Microstructure Failure (mm) Metal Normalized Value (a) 

Gleeble Tests 
Base Metal 0.75 0.75/0.75 = 1.00 
Coarse-Grained 0.43 0.43/0.75 = 0.57 
Grain-Refined 0.78 0.78/0.75 = 1.04 
lntercritical 0.85 0.85/0.75 = 1.13 

lnstron Tests 
Base Metal 0.89 0.89/0.89 = 1.00 
Coarse-Grained 0.15 0.15/0.89 = 0.17 
Grain-Refined 1.09 1.09/0.89 = 1.22 
Intercritical 0.94 0.94/0.89 = 1.06 

(a) This value is an estimate of the ratio of the crossover time exhibited in service by a particular microstructure compared to the crossover time of the base metal. 

1.004 = 1.00 
0.574 = 0.11 
1.044=1.17 
1.134=1.65 

1.004 = 1.00 
0.174 < 0.01 
1.224 = 2.25 
1.064 = 1.24 
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No slope was calculated for the coarse- 
grained region, which fractured near 
peak load. 

The base-metal fracture surface is 
shown in Fig. 9A. Banding at the center- 
line of the baseplate is evidenced; the re- 
duced cross-sectional area of the test bar 
was machined from the plate center. Fig- 
ure 9B shows a longitudinal view of the 
test bar at the fracture surface• Damage is 
noted within a banded region. Distorted 
grains reveal a ductile fracture. 

Figure 10A shows the fracture surface 
of the coarse-grained test specimen. The 
lack of banding, like that present in the 
base-metal sample, is due to the weld 
thermal cycle and tempering required to 
achieve the coarse-grained structure. Ev- 
idence of crack propagation appears as a 
thin annular ring at the outer circumfer- 
ence of the fracture surface• Fast fracture 
occurred toward the center of the fracture 
surface. Both coarse-grained test speci- 
mens exhibited little ductility and frac- 
tured shortly after attaining peak load. 

The intergranular nature of the frac- 
ture of the coarse-grained region is seen 
in Fig. 10B, which shows a longitudinal 
view of the test bar near the fracture sur- 
face. Cracks are noted along the bound- 
aries of individual grains both at and 
below the fracture surface. Impurity seg- 
regation to these boundaries and the so- 
lution of alloying elements within the 
grains during thermal cycling can aid in 
promoting intergranular fracture• 

Figure 11A shows the fracture surface 
of the grain-refined region• As with the 
coarse-grained region, no evidence of 
banding was detected. The refined struc- 
ture is seen in a longitudinal view near 
the fracture surface - -  Fig. 11 B. Cavities 
associated with deformation are noted 
below the fracture surface• 

The intercritical-region fracture sur- 
face is seen in Fig. 12A. This mi- 
crostructure exhibited greater ductility 
than that of the base metal; this is most 
likely due to the large amount of un- 
transformed and retempered bainite pre- 
sent. Figure 12B shows a longitudinal 
view near the fracture surface. Signifi- 
cant deformation damage is seen below 
the fracture surface. 

An examination of the average values 
of peak force from Table 2 ranked the 
coarse-grained region highest at 10.30 
kN (2310 Ib). In general, the maximum 
load is directly proportional to the ability 
of a material to resist creep deformation 
at elevated temperature. The coarse- 
grained value is nearly ten percent above 
the base-metal value of 9.39 kN (2110 Ib). 

The higher value measured for the 
coarse-grained material is noteworthy in 
that there is a difference of only one 
ASTM grain size number between the 
two microstructures. Other effects result- 
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Fig. 8 - -  Load displacement curves from Gleeble CDR tests. 

ing from the coarse-grained thermal 
cycle may have played a role in the load 
difference. Greater amounts of alloying 
elements may have been put into solu- 
tion. Also, thermal cycling eliminated the 
banding that was prevalent at the base- 
metal fracture surface. These effects 
could have acted to increase 
the strength of the coarse- 
grained microstructure. 

The grain-refined and in- 
tercritical regions exhibited 
the lowest average values of 
peak load, 8.85 kN (1990 Ib) 
and 8.72 kN (1960 Ib), re- 
spectively. The peak-load val- 
ues from the tests of the two 
grain-refined tests bracketed 
the intercritical values• An 
overall observation is that the 
coarse-grained region exhib- 
ited the highest peak load, 
while the grain-refined region 
exhibited one of the lowest• 
This result was in accordance 
with the theory that increas- 
ing grain size imparts higher 
strength and improved creep 
resistance at elevated temper- 
ature (Ref. 9). 

Also noted for the Gleeble 
tests was that the peak load for 
all microstructures occurred 
near a displacement of 0.43 
mm (0.017 in.). Pepe (Ref. 7) 
noted a similar trend for 
CrMoV materials tested in the 
Instron. He observed that the 
peak loads occurred at ap- 
proximately 0.15 mm (0•006 
in.). Steel composition and 
specimen geometry may play 

a role in the variation of these displace- 
ment-at-peak-load values. 

The reverse of the peak force results 
was observed for displacement-at-failure 
values (Table 2), which in this test were 
an indication of the notch-sensitivity ten- 
dencies of the microstructures. The inter- 
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Fig. 9 -  A - -  Base-metal fracture surface; B - -  longitudinal 
view. 4% Picral. 
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Fig. I () A Coarse-grained-microstructure fracture surface; B longitudinal view. 4% Picral. 

critical region exhibited the greatest av- 
erage displacement-at-failure, 0.85 mm 
(0.034 in.). The coarse-grained region 
exhibi ted the smallest displacement 
value, 0.43 mm (0.017 in.). These obser- 
vations agree with the general observa- 
tion that as the strength of a metal in- 
creases, its ductility decreases. 

The slope-after-peak-load values 
(Table 2) clearly separated the mi- 
crostructural responses. The grain-re- 
fined region exhibited the largest nega- 
tive value of slope. This fast load loss 
with increasing deformation was felt to 
arise from the presence of small grains, 
which do not impart any great resistance 
to creep at elevated temperatures. The 
slope-after-peak-load values are quite 
close for the grain-refined tests even 
though the peak load values show nearly 

a 10% scatter. It should be noted that 
high-temperature properties can show 
considerable scatter, and measurably dif- 
ferent results frequently are obtained be- 
tween different heats of the same mater- 
ial or even between bars of the same heat 
(Ref. 10). 

Instron CDR testing 

Instron CDR tests were performed for 
comparison with the data obtained from 
the Gleeble tests. One test bar from the 
base metal and each of the HAZ mi- 
crostructural regions was tested. Force 
and displacement data were monitored 
on a strip chart and an X-Y recorder. As 
with the Gleeble tests, peak load and 
time-at-failure were measured - -  Table 
3. Figure 13 depicts the force vs. dis- 

placement data read from the X-Y 
recorder. The Instron extensometer con- 
trol at the notch was able to maintain sta- 
ble crack growth well past the peak force. 
Force was measured down to 180 N (40 
Ib) after peak load. 

As with the Gleeble tests, the coarse- 
grained microstructure showed a precip- 
itous drop in force shortly after peak load 
and exhibited the smallest displacement- 
at-failure value. In this Instron test, how- 
ever, it was observed that this region ex- 
hibited a slightly lower peak load than 
the base metal. Additional testing would 
provide further data for verifying the true 
relative values of the peak loads. 

The base metal exhibited a peak load 
of 1.7 kN (380 Ib). The grain-refined and 
intercritical microstructures had values 
approximately 75% of this value. These 

Table 5 - -  Sample Results of K1 Analysis of CDR Data 

Load Displacement 
(kN) (ram) 

d (a) KI r (b) strain rate 

(mm) (MPaX/m) (mm) (s -] ) 

Gleeble Tests 
Base Metal 

9.2 0.51 6.2 14.5 
8.5 0.57 6.0 14.1 

Grain-Refined 
8.4 0.48 6.3 12.8 
7.5 0.61 6.0 12.5 

Intercritical 
8.7 0.45 6.3 13.4 
7.4 0.59 5.8 12.9 

Instron Tests 
Base Metal 

1.6 0.36 2.8 7.5 
1.2 0.71 2.4 7.4 

Grain-Refined 
1.2 0.25 2.8 5.5 
0.68 0.91 2.1 5.2 

Intercritical 
1.2 0.30 2.8 5.7 
0.77 0.76 2.2 5.5 

(a) d is the remaining ligament diameter. 
(b) r is the plastic zone radius at the crack tip. 

0.90 3.9 x 10 -s 
0.87 4.1 x 10 -5 

0.72 4.9 x 10 -s 
0.69 5.1 x 10 -s 

0.79 4.4 x 10 -s 
0.72 4.9 x 10 -5 

0.25 2.8 x 10 -s 
0.24 2.9 x 10 -s 

0.13 5.4 x 10 -s 
0.12 5.9 x 10 -s 

0.14 5.0 x 10 -s 
0.13 5.4 x 10 -s 
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microstructures with the lowest peak- 
force values exhibited the greatest dis- 
placement-at-failure. 

D i s c u s s i o n  

Service-Performance Estimation 

As was mentioned previously, an em- 
pirical correlation was developed be- 
tween the displacement-at-failure value 
in the CDR tests and the crossover-time 
parameter in stress-rupture tests of 
smooth and notched bars. Pepe (Ref. 7) 
used this relationship to predict the ele- 
vated-temperature service performance 
of candidate 1Cr-1Mo-0.25V steels for 
turbine rotors. This relationship was a 
function of the fourth power of the dis- 
placement-at-failure value. 

Although no specific algorithm has 
been developed for 2.25Cr-1Mo steel, 
Savage (Ref. 8) extended the fourth- 
power relationship for use in 1.25Cr-1Mo 
steels. In the present case, this relation- 
ship will allow a qualitative assessment of 

the Gleeble and Instron data. 
Table 4 lists the average value of the 

displacement-at-failure for the mi- 
crostructures examined in the Gleeble 
and CDR tests. The values are then nor- 
malized to the values for the base metal. 
The final column shows the fourth power 
of this normalized value. These values 
represent the percentage of the crossover 
time relative to the base metal that the 
given microstructure would be expected 
to exhibit in service. 

From this analysis, it was seen that the 
coarse-grained-HAZ microstructure is 
the service-life-limiting region. For Glee- 
ble tests, it showed only 11% of the 
crossover time of the base metal; for the 
Instron tests, that number fell to less than 
1%. 

Gleeble testing revealed the intercrit- 
ical region to have 165% of the crossover 
time of the base metal. For the Instron 
testing, the grain-refined region exhib- 
ited the largest value of displacement at 
failure. By the fourth-power relationship, 
it was seen to have 225% of the crossover 
time of the base metal. 

Comparison of Gleeble and Instron CDR 
Test Results 

There was correspondence between 
the results of the Gleeble and Instron 
CDR tests. Both methods identified the 
coarse-grained microstructure, with its 
low displacement-at-failure value, as the 
service-life-limiting region of the HAZ. 
The base metal was seen in both tests to 
have a good combination of peak force 
and displacement at failure. The grain-re- 
fined and intercritical microstructures ex- 
hibited the longest expected service life; 
however, they also had the lowest peak 
force values. As such they were identified 
as strength-limiting regions. 

The two test methods exhibited a dif- 
ference in the appearance of the load-dis- 
placement curves. A source of this differ- 
ence is the type of displacement control. 
Control at the notch allowed for stable 
crack growth past peak load and down to 
near zero force in the Instron test. 
Crosshead control in the Gleeble tests 
also resulted in the tests continuing past 
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Fig. 13 - -  Force-displacement data from Instron CDR tests. 
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Fig. 14 - -  Results o f  K I calculations from Gleeble and Instron 

CDR tests. 

peak load, however, fracture occurred be- 
fore the test specimen achieved lower 
force levels. The effects of resistive vs. fur- 
nace heating can also be considered. 

As such, discernment between dis- 
placement-at-failure values for the most 
ductile microstructures, the grain-refined 
and intercritical regions in the present 
case, was best accomplished with the In- 
stron. Nonetheless, the results of the 
Gleeble tests were readily interpreted to 
distinguish between ductile and brittle 
microstructures. Moreover, it is possible 
to outfit the Gleeble with an extensome- 
ter similar to the one used with the In- 
stron and thus eliminate the control dif- 
ference between the tests. 

Variation of the peak temperature 
within the intercritical region would re- 
sult in differing amounts of transformation 
product. The limiting amounts of trans- 
formation in this region are the base 
metal, which has no transformation prod- 
uct, and the grain-refined region, which is 
fully transformed. Therefore, test speci- 
mens with microstructures simulated for 
different intercritical peak temperatures 
could produce a wide array of results, es- 
pecially if one of the microstructural con- 
stituents was martensite. 

K, Analysis 

Stress intensity factors were calculated 
for the cylindrical, notched-bar geometry 
according to the equation (Ref. 11) 

K, = [P/D 3/2] [1.72(D/d)-1.27] 

where P is the load, D is 
the outer bar diameter and d is the re- 
maining ligament diameter. Past peak 
load, it was assumed crack growth was 
occurring. From the results of Pepe (Ref. 
7), the stress value at peak load was con- 
sidered constant throughout the remain- 
der of the test. Calculations of the re- 
maining ligament diameter were based 
on the stress at peak load. 

Figure 14 depicts the results of the K~ 
calculations. The values begin at peak 
load and are plotted against displace- 
ment. K, values for the base metal were 
noted to be higher than for the grain-re- 
fined or intercritical microstructures. The 
Instron values show a slow initial degra- 
dation compared to the Gleeble values; 
this may be an artifact of the displace- 
ment control, which was more precise on 
the lnstron machine. The sudden drop in 
the curve for the Instron tests parallels the 
drop in the force values - -  Fig. 13. 

From the K, values, it was possible to 
calculate a plastic-zone size at the crack 
tip, assuming plane strain, according to 
the formula (Ref. 12) 

r = K,2/6gOy~ 2 

where r is the radius of the plastic zone 
and c~y~ is the flow stress at the testing 
temperature. An effective strain rate was 
found by dividing the displacement rate 
by the diameter of the plastic zone. 

A flow stress value of 110 MPa (16 ksi) 
was used in the plastic-zone calculation. 
This value (Ref. 13) is for 2.25Cr-lMo in 
the annealed condition at a testing tem- 

perature of 650°C. The value for the an- 
nealed steel was considered a lower limit 
for the yield strength and resulted in an 
overestimate of the plastic-zone size. 
This overestimate allowed for a conserv- 
ative test of the plain-strain assumption. 

Table 5 gives the results of sample cal- 
culations for different microstructural re- 
gions for both Gleeble and Instron tests. 
In all cases the plastic-zone size was re- 
vealed to be small compared to the re- 
maining ligament diameter. As such, 
small scale yielding criteria were ad- 
hered to throughout the test. This obser- 
vation supports the use of the K, analysis 
for the CDR test results. 

Despite the difference in displace- 
ment rate between the two test methods, 
the stain rate calculations for Table 5 
yield similar values. This rate was calcu- 
lated by dividing the displacement rate 
by the diameter of the plastic zone, 2r. 
These results support the initial idea that 
CDR testing can be conducted with dis- 
placement rates from 0.05-0.25 mn/h 
without strain-rate effects. 

In fatigue testing it is common to re- 
late the crack growth rate per cycle to the 
difference in the K value seen in each 
cycle according to the equation (Ref. 4) 

da/dn = c(AK) m 

where da/dn is the crack growth rate per 
cycle, and c and m are material con- 
stants. Erdogan (Ref. 15) modified this 
equation by multiplying it by the term 
Kmax n, where n is a constant, because it 
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was noted that the crack growth rate in- 
creased with increasing values of the 
maximum K value for each cycle. 

The data from this investigation were 
treated in a similar manner. The crack- 
growth rate, (dc/dt), was considered to be 
proportional to some power of K. An av- 
erage crack growth rate was obtained by 
subtracting the final ligament radius from 
the initial radius and dividing by the test 
time. Proportionality constants were 
eliminated by taking ratios of the average 
crack-growth rates and K values. For 
CDR testing of the base-metal mi- 
crostructures, the crack-growth rate was 
found to be proportional to K3. 

This sort of analysis may provide an 
insight into the empirically derived algo- 
rithm involving the fourth power of the 
displacenient-at-failure value. In service, 
the effective K values experienced at 
cracks would differ from those in CDR 
testing. The fourth-power relationship 
may relate the magnitude of the differ- 
ence in K values as it relates to crack 
growth. 

Life Assessment 

The traditional approach to life as- 
sessment is to plot stress-rupture data vs. 
the Larson-Miller parameter. With an in- 
creasing number of power plants and re- 
fineries approaching their initial design- 
life estimates, however, research in the 
area of residual life prediction or life ex- 
tension is offering new methods of eval- 
uation. 

Manjoine (Ref. 16) provides a method 
for the evaluation of creep-fatigue dam- 
age. The method derives constituitive re- 
lationships from tensile, creep-rupture 
and fatigue data obtained over a range of 
temperatures and from creep-fatigue 
tests. Further analysis, which considers 
design loads and transients such as plant 
startup and shutdown, are used to deter- 
mine design or residual life. Viswanathan 
(Ref. 17) provides a compendium of life- 
assessment techniques for high-tempera- 
ture components. Detailed therein are 
the problems associated with crack-initi- 
ation- and crack-growth-based life as- 
sessment. 

As has been discussed, CDR testing 
was used to assess the long-time, notch- 
sensitivity tendencies of 1Cr-1Mo-0.25V 
rotor-forging materials. The empirical re- 
lationships derived for the evaluation of 
those materials were extended to evalu- 
ate 1.25Cr-0.5Mo weld and base metals. 
The present work continues the applic- 
tion of CDR testing to evaluate 2.25Cr- 
1Mo steel HAZ microstructures. Further 
development work is required to derive 
the relationships necessary to evaluate 
long-term notch sensitivity of specific 
materials. 

Conclusions 

Constant-displacement-rate (CDR) 
testing was employed to investigate the 
mechanical response of the base-metal 
and weld HAZ microstructures in 
2.25Cr-1Mo steel to elevated tempera- 
ture deformation. It was concluded that 
the CDR test is an effective, short-time 
procedure to delineate and compare the 
strength and relative service life of the 
structures present in the HAZ of 2.25Cr- 
1 Mo steel. 

This investigation comprised an initial 
foray into the comparison of CDR testing 
on a Gleeble and an Instron. The results 
of this research, which represented test- 
ing simulated HAZ microstructures in 
single-pass welds, should act as a base- 
line for research into the effect of multi- 
pass welds and weld repair on HAZ me- 
chanical properties. Also, factors were 
identified, such as specimen geometry 
and displacement control, which war- 
rant further study. 

The coarse-grained microstructure 
exhibited the lowest value of displace- 
ment-at-failure and was thus identified as 
having the greatest notch sensitivity and 
shortest expected service life. Based 
upon a fourth-power relationship be- 
tween displacement-at-failure and 
crossover time, Gleeble tests revealed 
this region to have a service-life estimate 
of approximately 11% of the unaffected 
base metal. 

The grain-refined and intercritical re- 
gions exhibited the largest values of dis- 
placement at failure in the CDR testing. 
However, peak-load observations re- 
vealed these HAZ regions to be strength- 
limiting. 

Calculations of the plastic-zone size 
revealed it to be smaller than the re- 
maining ligament. Therefore, small- 
scale-yielding criteria were adhered to 
throughout the CDR testing of 
2.25Cr1Mo steel in this investigation. 
This fact supports the use of a K~ analysis. 

K~ values obtained from Gleeble CDR 
testing were nearly double the values 
from Instron CDR testing. This fact is due 
to the different specific notched-bar 
geometries used in the two tests. Both the 
Gleeble and Instron tests showed the 
base metal to have the highest K~ value. 

Although the crosshead control of the 
Gleeble is not as sensitive to notch dis- 
placement compared to the extensome- 
ter control of the Instron, the results of the 
Gleeble tests were easily interpreted to 
reveal ducti l i ty trends in the HAZ mi- 
crostructures. 
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