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Reheat Cracking Studies on Simulated Heat-Affected 
Zones of CrMoV Turbine Rotor Steels 

J.E. Indacochea and G.S. Kim 

The reheat cracking susceptibility of the heat-affected zone (HAZ) ofa CrMoV turbine rotor steel was in- 
vestigated. Two base materials, one with a coarse-grain (155 I~m) and the other with a fine-grain (55 ~tm) 
microstructure, were submitted to Gleeble HAZ weld simulations. Three peak temperatures were util- 
ized: 1350, 1150, and 950 ~ Some samples were single cycled, and others were exposed to a double cycle. 
The samples that were double cycled experienced a second peak temperature 150 to 250 ~ lower than the 
first peak temperature. The samples were then stressed in bending for different amounts and stress re- 
lieved under load to determine their reheat cracking susceptibility. All samples were metallurgically 
evaluated before and after the reheat cracking test. It was found that the prior-austenite grain size of the 
original base metal did not influence the reheat cracking susceptibility, but increases in peak temperature 
did. It was observed that the grain size and grain matrix microhardness that developed after the Gleeble 
cycles affected reheat cracking. It was found that reheat cracking did not occur when the microhardness 
was below 350 DPH and the prior-austenite grain size was less than about 80 ~tm. 
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1. Introduction 

STEAM TURBINE rotors are among the most critical and 
highly stressed components in the electric power industries. Al- 
though relatively few instances of  catastrophic rotor bursts 
have occurred, such failures have resulted in long forced out- 
ages and severe economic disadvantages to the affected utili- 
ties. To forestall the possibility of  a catastrophic burst, utilities 
typically retire several rotors annually, according to equipment 
manufacturer recommendations. However, the criteria and 
methodology for determining which rotors should be retired 
are proprietary and vary among manufacturers. The turbine ro- 
tors used in the electric power industry are fabricated from 
heat-treatable CrMoV steels for high-pressure stages and 
NiCrMoV steels for intermediate- and low-pressure stages. Be- 
cause they operate at elevated temperatures over periods of 
many years, these rotors may become metallurgically damaged 
in ways that lead to cracking. 

One of  the most important questions confronting utilities in 
the near future undoubtedly will concern replacement of these 
high- and intermediate-pressure turbine rotors due to several 
life-limiting failures. Most rotor deteriorations result from low- 
cyclic fatigue (Ref 1-3). Although rotors are designed for fa- 
tigue resistance, this potential problem is inherent in all 
rotating equipment, and even careful design has not prevented 
its occurrence. A second reason for failures is creep-induced 
cracking. Although most turbine materials are intended to oper- 
ate below the range of temperatures known to cause significant 
creep, there are some locations where creep that can lead to 
cracking regularly occurs. A third reason for failure is known to 
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be the susceptibility of rotors to temper embrittlement due to 
impurity elements such as phosphorus, sulfur, arsenic, tin, and 
antimony. 

When a turbine rotor becomes significantly damaged, a util- 
ity is forced to remove the unit from service and purchase 
power at a substitutional cost until a replacement rotor is ready. 
Weld repair of  turbine rotors, if feasible, offers an opportunity 
for significant savings to electric utilities and their customers. 
Such repairs could reduce replacement costs by restoring a 
cracked rotor and returning it to service until a new rotor ar- 
rives. Usually weld repair of  a damaged region is carded outby  
a "build-up" technique or, if necessary, by replacing the local 
interstage section with a new forging welded to the old rotor 
(Ref 4). This technological advance, which has favorable cost 
benefits, also possesses inherent risks. Repair by welding ver- 
sus rotor replacement has a benefit/cost ratio that often exceeds 
6 to 1 (Ref 5). The weld repair alternative also offers substantial 
savings in reduced downtime that can extend the benefit/cost 
ratio beyond 20 to 1 (Ref 5). The favorable financial benefits 
are somewhat offset by an element of  risk associated with weld 
repair. 

Although the potential advantages of weld repair are recog- 
nized, such procedures traditionally have not been considered. 
One reason is that the compositions of  rotor alloys are not con- 
sidered amenable to welding (Ref 6). These steels are often 
quenched and tempered to achieve the levels of strength re- 
quired for service. As a consequence, carbon contents up to 
0.35% are typical, as are moderate levels of alloys such as 
nickel, chromium, molybdenum, and vanadium added for har- 
denability. These alloy additions have been known to lead to 
cracking during the welding process or shortly thereafter. 

A number of  reports (Ref 7, 8) have been published regard- 
ing cases of  serious failures in the heat-affected zone (HAZ) or 
weld metal of  joints of cast and forged assemblies for electric 
power equipment made of  CrMoV steels. It is recognized that 
when steel is welded in heavy sections, it is often necessary to 
perform a stress-relief heat treatment to relieve the welding re- 
sidual stresses. This procedure restores notch toughness in both 
the weld metal and the HAZ, which prevents cracking of the 
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weld joint  during subsequent exposure to service. This type of 
failure associated with residual stresses, called "reheat crack- 
ing," is characterized by the development of intergranular 
cracks in the coarse-grain regions of the HAZ, or occasionally 
in the weld metal, and can occur when a welded assembly is re- 
heated to relieve the residual stresses or during service at ele- 
vated temperatures. 

CrMoV steels are known to be susceptible to reheat crack- 
ing at the coarse-grain regions of the HAZ. This intergranular 
cracking along prior-austenite grain boundaries is apparently 
caused, in part, by precipitation of vanadium carbides within 
the grains of this region, which increases the strength of the 
grains relative to the grain-boundary cohesion strength (Ref9). 
This cracking also accompanies the plastic relaxation of resid- 
ual stress by creep and is a manifestation of  poor creep ductility. 
Under the action of  stress, strain takes place by grain-boundary 
sliding, leading to cavitations and grain-boundary failure at 
low ductilities. 

The objective of  this study was to examine the susceptibility 
of 1.0Cr-l.0Mo-0.25V turbine rotor steels to reheat cracking 
when welded. The assessment of resistance to reheat cracking 
was carded out with simulated HAZs that were produced with 
a thermomechanical weld simulator (Gleeble 1500, Dynamic 
Systems Inc., Poestenkill, NY). This investigation was under- 
taken to better understand the mechanism of  reheat cracking in 
conjunction with the welding process, so as to possibly opti- 
mize the heat treatment and welding parameters to reduce or 
eliminate reheat cracking. It was discovered in earlier studies 
that reheat cracking did not occur after welding and stress relief 
of the multipass weld coupons fabricated from this rotor steel 
(Ref 10). It was concluded then that grain refinement of the 

coarse-grain heat-affected zone (CGHAZ), compared to the 
base metal, reduced susceptibility to reheat cracking due to im- 
proved toughness. Evaluation of  a commercial narrow-gap 
weldment of the same rotor steel also revealed no reheat crack- 
ing. It was found that a butter weld pass had been deposited to 
further refine the CGHAZ (Ref 11). 

This investigation was conducted using two different grain 
sizes of  the same rotor material. The purpose was to establish a 
connection between original base-metal grain size, CGHAZ 
grain size, and cracking susceptibility. 

2. Experimental Work 

Test specimens were machined from a retired high/interme- 
diate-pressure (HP/IP) rotor steel that had been in service for 20 
years. Its composition is shown in Table 1. Two grain structures 
were utilized. The grain size of  the as-retired rotor (155 lam) 
was defined as coarse. Material from the same rotor steel was 
submitted to intercritical heat treatments to obtain the fine- 
grain (55 ~tm) microstructure. 

The experimental work followed in this study is summa- 
rized in Fig. 1. The Gleeble thermal cycles to which these test 
specimens were submitted are shown in Table 2. For the sam- 
ples submitted to a double cycle, the second peak temperatures 
were 800, 950, and 1050 ~ corresponding to the peak tem- 
peratures of 950, 1100, and 1350 ~ 

Evaluation of the reheat crack susceptibility was conducted 
with a three-point-bend notch-opening stress-relaxation test 
fixture (Fig. 2a), where the samples were loaded in the fixture 
to a selected notch-opening displacement (NOD), measured 
with a dial gage. The loaded sample with the fixture was placed 

Table 1 C h e m i c a l  compos i t ion  of  rotor steel  

Weight 
Element percent 

Carbon 0.36 
Manganese 0.86 
Phosphorus 0.016 
Sulfur 0.013 
Silicon 0.22 
Nickel 0.10 
Chromium 1.08 
Molybdenum l. l0 
Vanadium 0.25 

Table 2 Gleeble  thermal  cycles of  test s p e c i m e n s  prior to 

bend test 

Base metal Coarse grain (155 I.tm) 
Fine grain (55 lam) 

Peak temperature. ~ 950, 1150, and 1350 
Cycle Single and double 
Preheat temperature, ~ 250 
Heating rate, ~ 200 
ATsoo.500, s 50 
Cooling rate, ~ 50 
lnterpass temperature, ~ 250 
Postweld heat temperature, ~ 677 

Original Base Metals 

- CrMoV steel coarse grain (155 ~ ) 

- CrMoV steel fine grain (55 tun) 

HAZ Weld Simulation (Gleeble 1500) 

�9 Thermal cycling - single and double 

�9 Pnaktemperaturcs - 900, 1150 and t350 *C 

1 
i 

Mechanical testing 

3 point bend notch opcning 

test during rchcat at 700 *C 

Metallography 

Optical Microscopy 

SBM 
Selective TEM 

Fig. 1 Experimental work for simulated HAZs in assessing re- 
heat cracking 
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in the furnace and heat treated in an argon atmosphere using a 
thermal cycle described in Fig. 2(b). Following the reheat crack 
test, all samples were removed and observed for evidence of 
cracking visually and using an optical microscope. The test 
samples evaluated were then impact fractured at liquid nitrogen 
temperatures after the reheat crack test and examined with a 
scanning electron microscope (SEM). Selective transmission 
electron microscopy (TEM) was performed to analyze the role 
of  the carbides. For all microscopic observations, standard me- 
tallographic procedures were followed in the preparation of 
specimens. Microhardness measurements were also per- 
formed. 

are tabulated along with grain size in Table 3. The microhard- 
hess increase observed can be attributed somewhat to the grain 
refinement, but also to the increased carbon solid solution of  
the matrix due to some limited carbide dissolution. Exposure to 
the peak temperature of 1150 ~ resulted in a bainitic micro- 

[F 

3. Results and Discussion 

From earlier investigations (Ref 10, 11) it was determined 
that multipass welding refined the grain in the CGHAZ com- 
pared to the original grain size of  the rotor steel. This refine- 
ment was found to be greater in the commercial weldment that 
was evaluated (Ref 11), where a butter pass was used for this 
purpose. To determine the role of  the grain-size microstructure 
of  the base metal on the grain refinement or coarsening at the 
CGHAZ, two grain microstructures were selected. Microhard- 
ness values of  263 and 345 DPH were measured for the starting 
coarse-grain and fine-grain structures, respectively. The corre- 
sponding microstructures and carbide distributions are shown 
in Fig. 3 and 4. 

3.1 Metallurgical Changes in Gleeble Simulated HAZs 

The effect of  each thermal cycle was assessed by examining 
grain-size variations and carbide distribution changes. Figure 5 
summarizes the grain changes as a function of peak tempera- 
ture for the two cycles employed. Figures 6 and 7 depict the 
microstructural variations associated with the grain changes re- 
corded in Fig. 5. It was observed that the coarse-grain samples 
refined their grain microstructure as they were exposed to 950 
and 1150 ~ for a single cycle; the grains became coarser, how- 
ever, when the peak temperature reached 1350 ~ The fine- 
grain base metal, on the other hand, experienced grain 
coarsening in every peak temperature at a single cycle, with the 
greatest coarsening at 1350 ~ In both base materials the dou- 
ble-cycle exposure to a lower temperature produced grain re- 
finement of the structure with respect to the single cycle. 
Furthermore, with the exception of the double-cycle treatment 
at 950 ~ the original fine-grain microstructure was observed 
to have coarsened for every heat treatment. The coarse-grain 
structure, on the other hand, experienced grain refinement in 
every thermal cycle experience except for the 1350 ~ single- 
cycle exposure. 

In the case of  the coarse-grain test specimens, only those 
samples exposed to 1350 ~ and single cycled had a grain 
size larger than the original material. In the test samples ex- 
posed to the peak temperature of  950 ~ no significant 
changes were detected in the carbide population of  the sin- 
gle cycle, and only slight coarsening of  carbides occurred in 
the double cycle. 

Concurrent with the carbide characterization, microhard- 
ness measurements of  the microstructures were performed and 

(a) 

HOLIE, AMPLE 

DIAL GAGE 

s 10 IS 20 2S 

(b) 
TIME(HOUR) 

Fig. 2 (a) Three-point-bend notch-opening stress-relaxation 
test fixture. (b) Heat treatment applied to test samples loaded 
into the fixture in (a). 
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Fig. 3 Microstructures of base metals prior to Gleeble thermal cycles. (a) and (c) Coarse-grain structure. (b) and (d) Fine-grain structure 

Table 3 Results of  hardness and prior-austenite grain size measurements  of the simulated HAZs  

Base Sample Peak Hardness, Grain 
metal denomination temperature (~ DPH size, Ixm 

Coarse grain (ASTM No. 
2.5,155 lam, 263 DPH) 

Fine grain (ASTM No. 
5.5, 55 lam, 345 DPH) 

CG-950C-SC 950/single 314 28 
CG-950C-DC 950/double 276 < 10 
CG- 1150C-SC 1150/single 445 64 
CG- 1150C-DC 1150/double 359 30 
CG - 1350C-SC 1350/single 462 330 
CG- 1350C-DC 1350/double 484 85 

FG-950C-SC 950/single 361 125 
FG-950C-DC 950/double 358 < 10 
FG-1150C-SC 1150/single 368 90 
FG- 1150C-DC 1150/double 372 75 
FG- 1350C-SC 1350/single 409 260 
FG- 1350C-DC 1350/double 393 94 

structure, with most of the original carbides dissolved and new 
fine carbides reprecipitated in the single cycle, corresponding 
to a microhardness increase to 445 DPH. The double cycle re- 
sulted in coarsening of these carbides and a drop in microhard- 
ness to 359 DPH. 

Figures 8(a) and (b) depict the changes in carbide popula- 
tion just  described. These samples were also observed by 
TEM; Fig. 9(a) shows the carbide population of the single- 
cycle specimen. Some of the original carbides are partially 

dissolved and appear spheroidized, but fine acicular carbides 
also are visible. The carbides for the 1150 ~ 
treatment are coarser and more spheroidized (Fig. 9b). The 
coarse-graintestspecimenssinglecycledat  1350~ - 
itic with some martensite. The entire carbide population ap- 
peared to have gone into solution, and carbides could hardly be 
resolved by SEM (Fig. 10a). Even TEM could resolve only a 
few tiny carbides (Fig. 11 a). In the case of the double cycle, the 
carbides become more obvious with SEM (Fig. 10b), indicat- 
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Fig. 5 Grain-size variation measured in simulated HAZs as a 
function of peak temperature and cycle number for the two base 
metals 

Fig. 4 SEM micrographs of base metals for HAZ simulation. 
(a) Coarse grain. (b) Fine grain 

ing greater reprecipitation of  the carbides. The TEM mi- 
crograph for this particular specimen (Fig. l lb)  shows few 
coarser carbides. The highest microhardness values were ob- 
tained for the last two samples cycled at 1350 ~ the slightly 
higher values observed for the double-cycle specimen are most 
likely due to its finer grain size (Table 3) and some carbide 
reprecipitation. 

The fine-grain test specimens thermal cycled at 950 ~ 
showed no significant changes in carbide structure. The test 
samples thermal cycled at 1150 ~ however, showed some 
coarsening and precipitation of  interlath carbides, particularly 
in the sample that was double cycled. Figure 4 shows the origi- 
nal carbide distribution of  the fine-grain base material, and Fig. 
8(c) and (d) show the carbide structure after the Gleeble ther- 
mal cycles. The slight increase in microhardness to about 360 
DPH experienced by the samples exposed to 950 ~ (Table 3) 
could be attributed to some additional precipitation of  very fine 
carbides not easily detected by SEM, but was most likely due to 
a limited carbide dissolution that led to an additional solid-so- 
lution strengthening of  the matrix. It was also observed that the 
sample that was double cycled at 950 ~ experienced grain re- 

finement with no change in microhardness. This implies that 
carbide precipitation and the increase in carbon solid solution 
of the matrix are the controlling strengthening mechanisms. 
Additional carbide precipitation was better resolved in the 
1150 ~ samples, as noted earlier. The increase in microhard- 
ness was even higher, to around 370 DPH. The carbide changes 
and the increases in grain size and hardness became more obvi- 
ous at the peak temperature of  1350 ~ in the fine-grain mate- 
rial. It appears that most carbides dissolved and reprecipitated 
during these cycles, as shown in Fig. 10. The microhardness 
was measured at about 400 DPH. 

The different microstructural changes in the simulated 
HAZs may be explained in terms of  the competing effects of  
grain-growth kinetics and carbide dissolution on the bainite 
transformation and ultimately on the hardness of the final trans- 
formation product. Their net effect can be understood by ana- 
lyzing the phenomenological changes caused by a thermal 
cycle. When the original bainitic microstructure transforms 
to austenite during heating, its grain growth is influenced by 
its kinetics, as well as by the grain-boundary pinning from 
the undissolved carbides in the matrix. Below a certain tem- 
perature, carbide dissolution is so limited that grain-bound- 
ary pinning becomes dominant and inhibits prior-austenite 
grain growth. This in turn depresses the start temperature of  
the bainite transformation. When the temperature increases 
above a critical value, carbide dissolution becomes more ex- 
tensive, which in turn reduces or eliminates grain- boundary 
pinning. This, combined with the faster grain- growth kinet- 
ics at the highest temperature, results in very large grains. 
Such results were encountered in the microstructures ex- 
posed to the peak temperature of  1350 ~ (single cycle). On 
the other hand, carbide pinning of  the grain boundaries 
would be significant at the lower peak temperatures (950 
and 1150 ~ because of the limited carbide dissolution and 
slower grain-growth kinetics. 

In all cases, the double Gleeble cycle produced grain refine- 
ment due to the lower temperature kinetics, some intercritical 
phase transformations, and added grain boundary pinning from 
additional carbide coarsening. 
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Fig. 6 Microstructure of simulated HAZ at 1150 ~ peak temperature. (a) Coarse grain, single cycle. (b) Coarse grain, double cycle. 
(c) Fine grain, single cycle. (d) Fine grain, double cycle 

Fig. 7 Microstructure of simulated HAZ at 1350 ~ peak temperature. (a) Coarse grain, single cycle. (b) Coarse grain, double cycle. 
(c) Fine grain, single cycle. (d) Fine grain, double cycle 
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3.2 Reheat Cracking Test (Three.Point Bend Notch 
Opening Test) 

Residual and structural stresses also contribute to the devel- 
opment of reheat cracking, in addition to the metallurgical fac- 
tors of grain size, microstructure, and carbide precipitation. 
Reheat cracking usually develops upon stress relieving of  large 
pieces. In order to simulate the stresses (both residual and 
structural) experienced by the microstructure of a large piece, 

each sample was placed in the test fixture shown in Fig. 2(a) 
and stressed in bending to NODs of 50, 100, 200, and 300 p.m. 
After inspecting the loaded samples to establish the absence of  
cracks, the entire fixture was loaded into the furnace and sub- 
mitted to the stress-relief cycle shown in Fig. 2(b). After this 
procedure, the samples were unloaded and examined visually 
for possible cracks. All samples were also carefully examined 
under a microscope for any small cracking. Following these 
observations, all samples were submerged in liquid nitrogen 

Fig. 8 SEM micrographs of simulated HAZ at 1150 ~ peak temperature showing carbide distribution. (a) Coarse grain, single cycle. (b) 
Coarse grain, double cycle. (c) Fine grain, single cycle. (d) Fine grain, double cycle 

Fig. 9 TEM micrographs of simulated HAZ at 1150 ~ (a) Single cycle. (b) Double cycle 
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and immediately placed in a Charpy test machine for fractur- 
ing. The fracture surfaces of the samples were then analyzed by 
SEM for evidence of  reheat cracking. 

The results of  the reheat cracking tests are summarized in 
Table 4. No cracking was observed in the simulated HAZs ex- 
posed to 950 ~ for both cycles and both base metals. Reheat 
cracking was detected in the two base metals when they were 
single cycled to 1150 ~ (CG- 1150C-SC and FG- 1150C-SC). 
In case of  the CG-1150C-SC test sample, cracking occurred de- 

spite refinement of the grain from 155 to 64 lam. The FG- 
l l 5 0 C - S C  specimens showed evidence of cavitation at the 
smallest strain, but then cracking became obvious in the 100 
lam opening displacement. The grain structure in these test 
samples (FG-1150C-SC) was found to have coarsened from 55 
to 90 ~m. Note that sample CG-1150C-SC, despite having a 
finer grain (64 lam) than sample FG-I I50C-SC (90 lam), ap- 
peared to be more susceptible to reheat cracking. The only dif- 
ference between these samples was the microhardness values 

Fig. 10 SEM micrographs of simulated HAZ at 1350 ~ peak temperature showing carbide distribution. (a) Coarse grain, single cycle. 
(b) Coarse grain, double cycle. (c) Fine grain, single cycle. (d) Fine grain, double cycle 

Fig. 11 TEM micrographs of the simulated HAZ at 1350 ~ (a) Single cycle. (b) Dot, ble cycle 
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(445 versus 368 DPH), probably caused by variation in carbide 
precipitation. It appears that a microhardness o f  approximately  
370 DPH is critical even  at small  strains. 

Samples CG-1350C-SC and CG-1350C-DC were very sus- 
ceptible to reheat cracking; CG- 1350-SC had a much coarser grain 
(330 lam), compared to the original base metal (155 lam), and its 

Table 4 Results of reheat cracking tests in the simulated HAZs 

Peak temperature Sample 
(~ denomination 

NOD, pm 
50 100 200 300 

Coarse-grain base metal 
950/single CG-950C-SC 
950/double CG-950C-DC 
1150/single CG- 1150C-SC 
1150/double CG- 1150C-DC 
1350/single CG- 1350C-SC 
1350/double CG- 1350C-DC 

Fine-grain base metal 
950/single FG-950C-SC 
950/double FG-950C-DC 
1150/single FG-1150C-SC 
1150/double FG- I 150C-DC 
1350/single FG- 1350C-SC 
1350/double FG- 1350C-DC 

(a) No testing. (b) Initiation of void formation 

(a) (a) Safe Safe 
(a) (a) Safe Safe 

Crack Crack (a) (a) 
(a) Safe Safe (a) 

Crack (a) Crack (a) 
Crack Crack (a) (a) 

(a) Safe Safe (a) 
(a) Safe Safe (a) 

Safe?(b) Crack (a) (a) 
(a) Safe Safe (a) 

Crack Crack (a) (a) 
(a) Safe?(b) Safe?(b) (a) 

"1" 

UJ 
Z 
D 
rr  
< 
"1- 

Fig. 12 
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Mapping defining approximate ranges of reheat cracking in terms of grain size and hardness of the simulated HAZs 
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Fig. 13 Typical reheat crack on simulated HAZ from 1350 ~ peak temperature. Single cycle for the coarse-grain base metal 

microhardness value increased by 200 points to 462 DPH. Ap- 
parently, the solid-solution strengthening of the matrix by the 
carbides going into solution, plus the precipitation strengthen- 
ing due to the reprecipitation of new fine carbides, combined to 
increase microhardness. Similar structure changes had oc- 
curred in sample CG-1350C-DC, yet greater carbide reprecipi- 
tation and some coarsening were observed. In addition, this 
sample experienced grain refinement, which could have possi- 
bly contributed to a further increase in hardness. 

The results of Tables 3 and 4 were plotted in Fig. 12 in terms 
of  grain size and hardness to define an approximate range of re- 
heat cracking. This map shows that a combination of  coarse 
grain and high hardness would result in reheat cracks. Control 
of grain size alone does not guarantee elimination of  these 
cracks. Based on the results shown in Fig. 12, the HAZs of 
CrMoV steels with microhardness values of  less than 370 DPH 
and prior-austenite grain sizes of less than about 80 lam would 
not experience reheat cracking. 

Reheat cracking is known to occur intergranularly, as shown 
in Fig. 13. The crack initiated at the notch tip. All the test sam- 
ples that cracked during the three-point bend test exhibited in- 
tergranular fracture. A typical feature of reheat cracks in early 
stages is void formation, as shown in Fig. 14. It was indicated 
earlier that grain refinement alone could not control reheat 
cracking; Fig. 15 shows SEM micrographs for two samples 
with similar high hardness, but one having a grain-size struc- 
ture five times smaller than the other. Note that both mi- 
crographs show the typical intergranular crack mode. Sample 
CG-1150C-SC shows a secondary crack branching from the 
primary crack (Fig. 15b). 

3.3 Interpretation of Reheat Cracking Behavior of 
Samples 

Based on the microstructural changes of  the carbide distri- 
bution in connection with the peak temperatures of  the thermal 

cycles, it is apparent that only thermal cycling at the two high- 
est peak temperatures had a significant effect on carbide disso- 
lution and reprecipitation. For instance, for the coarse-grain 
base material, the 1150 and 1350 ~ heat treatments produced 
the largest increases in microhardness (Table 3). Much of the 
hardness increase of  the grain matrix can be attributed to car- 
bide (precipitation) strengthening and most probably is caused 
by the development of coherent carbide precipitates. Such mi- 
crohardness increases would stiffen the grain interior. When 
these test specimens are subjected to notch bending tests, the 
stress relaxation they experience due to the servicelike condi- 
tions induces deformations that are primarily confined to the 
grain boundaries. If the strain induced as a result of  this relaxa- 
tion exceeds the available grain-boundary ductility, then inter- 
granular failure will occur. This grain-boundary deformation is 
manifested in the extensive cavity formation at the subgrain 
boundaries of the 1350 ~ HAZ shown in Fig. 14. Following 
cavitation or void formation, cracking will develop due to the 
eventual coalescence of  these cavities. 

Microhardness measurements were also performed on some 
samples after the reheat crack test. Microhardness drops of  88 
and 142 DPH, respectively, were observed in samples CG- 
1350C-SC and CG-1350C-DC, and both specimens experi- 
enced reheat cracking. Specimen CG-1150C-SC had a 
hardness drop of 85 DPH and also experienced reheat cracking; 
however, no reheat cracking was observed in sample CG- 1150- 
DC, and a hardness drop of  only 33 DPH was measured. The 
coarse-grain samples submitted to the peak temperature of  950 
~ experienced microhardness drops of  35 and 25 DPH for the 
single and double cycles, respectively. Neither of these two last 
samples showed reheat cracking. These results imply that sam- 
ples experiencing hardness matrix drops greater than 80 DPH 
underwent reheat cracking. Phenomenological or mechanistic 
explanations for developing a model for reheat cracking have 
not yet been established. However, important mechanical and 
metallurgical correlations have been defined. 
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Fig. 14 Reheat crack with extensive cavity formation at sub- 
grain boundaries on simulated HAZ from 1350 ~ peak tempera- 
ture. Single cycle for the coarse-grain base metal 

4. Conclusions 

Fig. 15 SEM micrographs of reheat cracks on simulated HAZs 
for the coarse-grain base metal. (a) Single cycle at 1350 ~ (b) 
Single cycle at 1150 ~ 

Two grain-size microstructures of  the same steel were used 
as the starting base material in an evaluation of  the metallurgi- 
cal and mechanical factors that cause reheat cracking in 
CrMoV rotor steels. Testing was conducted using Gleeble 
simulated HAZs. Of the three peak temperatures selected for 
thermal cycling, 1350 ~ was the temperature expected at the 
CGHAZ; peak temperatures of  1150 and 950 ~ were selected 
to determine whether reheat cracking was limited to the 
CGHAZ. The effect of  a second cycle also was assessed, since 
turbine weld repair involves multipass welding. The following 
conclusions were reached: 

Reheat cracking susceptibility was most significant at the 
highest peak temperature. No reheat cracks were found in 
the test samples exposed to the peak temperature of  950 ~ 

Reheat cracking was found to depend not only on prior- 
austenite grain size but also on the microhardness of the 
grain matrix of the simulated HAZ. It was found that reheat 
cracking of the CGHAZ is controlled if the microhardness 
is below 350 DPH and the prior-austenite grain size is less 
than 80 lam. 

�9 The test specimens exposed to a single thermal cycle at 
1350 ~ underwent extensive carbide dissolution, unre- 
stricted grain growth, and fine carbide reprecipitation on 
cooling. The samples exposed to 950 ~ underwent partial 
reaustenitization and very limited carbide dissolution, 
which inhibited grain growth. The 1150 ~ single-cycled 
specimens also experienced reheat cracking, accompanied 
by significant carbide dissolution and controlled grain 
growth. 

�9 As expected, the second cycle at lower temperature re- 
duced the susceptibility to reheat cracking in all cases be- 
cause of  grain refinement and some reduction of matrix 
microhardness and carbide coarsening. The original grain 
size of  the base materials appears to play no role in the re- 
heat crack susceptibility of the HAZ. 

�9 Ultimately, reheat cracking in the HAZ of CrMoV rotor 
steels can be eliminated by properly controlling the weld 
fabrication process to ensure a grain-refined structure and 
optimum matrix microhardness. 
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