
Effects of Furnace Atmosphere on Heat 
Treat Cracking of Rene'41 Weldments 

The effects of oxygen are determined with the aid of a 
new circular-patch restraint specimen and a method of 
on-heating acoustical analysis 

BY A. T. D'ANNESSA AND J. S. OWENS 

In t roduct ion 

The influence of furnace atmos
phere on the susceptibility to post
weld heat treat cracking of the precip
itation hardenable nickel base super-
alloys has been the subject of previ
ous studies (Refs. 1, 2). Al though the 
results of these studies varied some
what, an increased resistance to heat 
treat cracking was reported using 
inert atmospheres and vacuum. Due 
to experimental shortcomings, these 
prior results were qualitative in na
ture and, therefore, subject to some 
speculation. These shor tcomings 
were overcome in recently completed 
Air Force sponsored research pro
grams (Refs. 3, 4) w i th the develop
ment of a dissimilar alloy crack-sus
ceptibility specimen (Ref. 5) and an 
acoustic emission technique (Ref. 6) 
for monitoring cracking events during 
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heat treatment. The subject specimen 
was found to be reliably reproducible 
from both a fabrication and test result 
standpoint and the acoustic emission 
technique provided a method for ob
taining quantitative information from 
crack-susceptibility tests. Conse
quently, data were obtained wh ich 
more precisely characterized the 
influence of furnace environments on 
post-weld heat treat cracking. 

The primary objective of these 
studies was to determine the ef
fects of oxygen on the susceptibility 
of Rene' 41 to heat treat cracking. 
Possible benefits of excluding oxygen 
from the furnace environment have 
been reported by other investigators 
(Refs. 2, 7) including the suggestion 
that the absence of oxygen from the 
furnace atmosphere during heat treat
ment would eliminate postweld crack
ing (Ref. 7). The results reported here 
are from tests conducted wi th hy
drogen, helium, and vacuum furnace 
environments. These data are com
pared w i th results of air atmosphere 
control tests and tests conducted 
using oxygen atmospheres. The 
scope of work described herein in
cludes crack-susceptibil ity evalua

tions and metallographic (replica and 
scanning electron microscopy) and 
acoustic emission analyses. 

Procedure 
Materials 

The results reported were obtained 
wi th 0.060 in. Rene'41 sheet product 
from two heats of material of the 
chemical compositions noted in Table 
1. Both heats represented production 
grades of the alloy w i th an ASTM 
grain size of 7-8. The work reported 
using the square frame specimen 
was conducted w i th Heat No. 7470 
material whereas Heat No. 6842 
product was used for the circular 
frame specimen tests. 

Specimen Details and Fabrication 

Initial tests w i th varying furnace at
mospheres were conducted w i th a 7 
in. square frame configuration as de
tailed in Fig. 1. Subsequent vacuum 
environment tests were conducted 
w i th 7 in. circular f rame specimens 
as depicted in Figs. 2 and 3. Both 
specimen types utilize AISI 304 stain
less steel frames wh ich provide aug
mented thermal stressing during heat 
treatment. In both specimens, the 4V2 
in. diam by 0.062 in. disk insert is the 
Rene'41 test material of interest. As 
seen in Fig. 1, the square design con
sists of two elements; the Rene' 41 
disk insert and the 1 in. thick frame. 
The circular specimen seen in Fig. 3 
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is a three element configuration. The 
dimensions of the disk insert and 
backing groove were the same in 
both instances. 

These specimens were fabricated 
by first welding the disk insert to the 
frame and then making the 11/2 in. 
diam inner (test) weld as a full pene
tration bead-on-sheet deposit w i th 
fil ler metal addition. The cover and 
evacuation tube assembly were then 
welded to the circular frame spec
imen to complete the assemblage 
shown in Fig. 3. All welding was per
formed w i th semiautomatic gas tung
sten-arc equipment consisting of a 
stationary electrode, current slope 
control, automatic cold wire feed sys
tem, and a variable speed circumfer
ential positioner. Argon was used as 
the torch shielding gas and helium as 
the backing gas. hlastelloy W fil ler 
metal was used in all cases. 

Both specimen types were used as 
" integral retorts" to provide the de
sired heat treating atmosphere. This 
was accomplished w i th the square 
specimen by plumbing copper tubing 
to the backing gas ports and using the 
backing groove chamber as a retort. 
As found in earlier work (Ref. 3), the 
crack initiation (critical) surface was 
the root surface side of the weldment 
and, therefore, atmosphere control 
using the backing groove chamber 
was considered adequate for these 
studies. 

The square frame was, however, 
considered inadequate for vacuum 
(partial pressure) tests due to develop
ment of differential stresses arising 
from the evacuation of the backing 
groove chamber. Consequently, the 
circular specimen was developed 
wherein both surfaces were parts of 
evacuated chambers (via the two Vi 
in. diam holes shown in Fig. 2) thus 
el iminating pressure differentials be
tween the root and top surfaces of the 
weld. 

Heat Treating 

Postweld heat treatment consisted 
of slow heating (at an average rate of 
15 F/min) in a furnace set at some 
preselected temperature above tem
peratures at which on-heating crack
ing is normally encountered. Heating 
rate control was achieved by in
sulating the test specimen, as shown 
in Fig. 4, w i th fused silica foam which 
also served to minimize differential 
heating effects. 

Temperature profiles were run on 
both square and circular specimens 
to assure temperature uniformity 
wi th in the aging temperature range 
(about 900 F and higher). Thermo
couples used for monitor ing tem
peratures during on-heat ing, were 
percussion welded to each specimen; 
to the top center of the disks in 
square frame specimens and to 
the top center of the cover on circu-

Table 1 — Chemical Composition of Rene'41 Material Used in Tests 

Heat no. C 

7470 
6842 

.074 ,008 

.075 .004 

M n 

,03 
.05 

Cr Mo Co A! Fe N i 

.08 

.10 
18.75 9.68 10.92 3.36 1.56 .007 .51 bal 
18.80 9.74 11.27 3.11 1.57 .005 1.17 bal 

Table 2 — On-Heating Crack-Susceptibility Data Showing the Effects of Furnace 
Atmosphere on the Susceptibility of Rene 41 Sheet |a) (Heat No. 7 4 7 0 ) 
Weldments to Heat Treat Cracking 

Data Obtained w i th Square Frame Specimen (See Fig. 1) 

Specimen 
no. 

Control 
specimens lc> 

1(113) 
2(124) 
3(125) 
4(121) 
5(122) 
6(123) 
7(126) 
8(127) 
9(128) 

10(118) 
11 (119) 
12(120) 

Heat treat 
environment 

Air 
Oxygen 
Oxygen 
Oxygen 

Hydrogen 
Hydrogen 
Hydrogen 

Helium 
Helium 
Helium 

Partial V a c u u m ' * 
Partial Vacuum | d ' 
Partial Vacuum l d ! 

Temp., onset 
gross cracking F( 

1360 
1380 
1370 
1360 
1415 
1385 
1405 
1380 
1375 
1405 
1350 
1345 
1350 

(a) Preweld condition — mill annealed 
(b) Parameter defined in Ref 6 
(c) Data from Ref. 3 and 4 
(d) Produced with "roughing" pump. 

HOLES FOR SPECIMEN 
TRANSPORT PURPOSES 

(OPTIONAL) 

4 - 1 / 2 " D IA . RENE' 41 DISK 

BACKING GAS PORTS 

Fig. 1 —Square frame crack-susceptibility specimen 

AISI 304 FRAME 
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lar frame specimens. Temperatures 
were recorded continuously during 
thermal cycling until the specimen 
was removed from the furnace. 

Temperature va r i a t i ons above 
900 F were found to be consistently 
wi th in 10 deg indicating the insula
t ion effectiveness of the fused silica 
"cold top" and "base" for minimizing 
thermal shock of the disk insert and 
achieving a slow heating rate during 
on-heating. These results revealed 
that thermal conduction through the 
frame was the primary mechanism of 
heating the disk insert. 

The differing gas (H2 , He, N2 , and 
O2) atmosphere tests were conducted 
wi th the square frame specimen (see 
Fig. 1). These tests were performed 
using slightly positive pressures w i th 
gas f lowing through copper tubing to 
the backing groove chamber, out of 
the opposite port through copper 
tubing and exhausting to the at
mosphere. The incoming line was 
coiled and the coils inserted into the 
furnace along w i th the test specimen; 
the coils served to preheat the in

coming gas to avoid cooling effects 
due to its impingement on the inside 
surfaces of the disk insert. 

Partial pressure (vacuum) tests 
were also conducted w i th square 
frame specimens using a roughing 
pump for evacuation purposes. 
Several questions were introduced 
wi th this setup including the effects 
of out-gassing of the furnace cement 
used for sealing purposes and the 
pressure differential developed by 
evacuation of one side of the 
specimens only. These questions led 
to the development of the circular 
frame specimen (Figs. 2 and 3) which 
contains features that circumvented 
these possible difficulties. 

The vacuum system used w i th the 
circular frame specimen included a 4 
in. diam diffusion pump which 
assured attaining partial pressures 
comparable to or better than those 
routinely obtained wi th production 
vacuum heat treating fac i l i t ies . 
Coupling of the test specimen to the 
vacuum system was accomplished by 
attaching the vacuum line to the 

FRAME 

COVER 

COVER 
(_L AISI 304 PLATE]' 

evacuation tube outside of the fur
nace. The procedure for these tests 
included evacuation of the specimen 
outside of the furnace until a low 
partial pressure was attained and 
then allowing for a pumpdown period 
of at least two hours or overnight be
fore conducting the heat treat test. In
strumentation of the specimen was 
accomplished during the pumpdown 
period. These specimens were in
sulated w i th fused silica foam in the 
same manner as the square 
specimens. 

Table 3 — On-Heating Crack-Suscep
tibility Control Test Results for Rene' 
41 Specimens (a) Heated in Air 

Data Obtained with Circular Frame Spec
imen (See Fig. 2) 

Specimen 
no. 

1 (100) 
2(101) 

Square frame 
ref. data (b> 

3(102) 
4(109) 
5(110) 

Square f rame 
ref. data 'b> 

Rene'41 
heat no. 

7470 
7470 

7470 
6842 
6842 
6842 

6842 

Temp., onset 
gross cracking F 

1 3 7 5 W 

1360 

1350-1370 
1335 
1350 
1340 

1335-1340 

{a} Preweld condition — mill annealed. 
(b) Summary of data from Ref. 3 and 4. 
(c) Test conducted without cover (See Figs. 2 & 3). 
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Fig. 2 — Circular frame crack-susceptibility specimen 
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Fig. 3 — Circular frame crack susceptibility 
specimen unassembled (top) and com
pletely fabricated (bottom) 



Acoustic Emission Monitoring 
During Heat Treatment 

Specific details on the acoustic 
emission technique developed for 
this study are contained in Ref. 6. An 
essential feature of this technique 
was the use of an "acoustic con
ductor" wh ich al lowed coupling of 
the transducer outside of the furnace 
environment. This approach per
mitted the direct use of acoustic emis
sion for monitor ing cracking events 
during heat treatment wh ich was not 
previously considered feasible. 

The data obtained included crack
ing events (acoustic activity) record
ed as a function of on-heating temper
ature and t ime. Methods were devel
oped which permitted precise anal
yses of acoustic characteristics in 
terms of cracking process features. 
Thus it was possible to distinguish 
various stages of fracture including 
subcritical events, slow crack growth, 
and rapid unstable crack propagation. 
As noted (Ref. 6), acoustic emission 
analyses provided a method for cor
relating the resistance to crack init ia
t ion and extension and qualitatively 
rating the heat treat crack sus
ceptibility of differing alloys. Con
sequently, subtle dif ferences in 
cracking behavior due to varying fur-

Fig. 4 — Ensemble used for controlled tem
perature rate in on-heating crack suscepti
bility tests. Tongs inserted in base are 
used for specimen transport purposes. 

nace atmospheres were readily dis
tinguished. 

The only difference in technique for 
the square and circular f rame 
specimens was the at tachment 
location of the acoustic conductor. 
The conductor was pe rcuss ion 
welded to both specimen types; to the 
center of the disk insert of the square 
specimen and to the outside edge of 
the cover on the circular specimen 
(see Figs. 1 and 3). 

Results and Discussion 

Restraint Test Evaluations 

Initial crack-susceptibil ity tes ts 
using square frame specimens (Fig. 1) 
were conducted by control l ing the at
mosphere of the backing groove 
chamber. Copper tubes were inserted 
into the backing gas ports w i th one 
tube serving as the inlet and the other 
as an outlet. Each tube was snug-
fitted into the port and sealed w i th a 
fi l let of adhesive (Sauereisen No. 1 
Paste Adhesive Cement*) at the tube-
frame junction. 

Several reasons wi l l explain why it 
was considered adequate to conduct 
these tests by controll ing only the 
backing groove chamber atmosphere. 
It was established early in the pro
gram (Ref. 3) that crack init iation oc
curred on the root (inside) surface of 
the Rene' 41 disk. This was verif ied 
by (1) the lack of deformation sur
rounding the cracks on the inside sur
face as compared w i th visible defor
mation noted on the outside surface 
of the specimen, (2) deformation tw in 
ning observed metallographically at 
the outside surface and none ob
served at the inside surface surround
ing crack networks (3) part-through 
cracking on the inside surface w i th 
no evidence of cracking on the out
side surface, (4) through-thickness 

*A product of the Sauereisen Cements 
Co., Pittsburg, Pa. 

cracks being longer on the inside sur
face than on the outside, and (5) the 
existence of flourescent penetrant de
tected microcracking on the inside 
surface only of specimens which did 
not experience gross cracking. Conse
quently, since it was possible to mon
itor subcritical cracking events during 
on-heating, this method of furnace 
atmosphere control and initially con
sidered quite adequate. 

Results of these initial tests are 
summarized in Table 2. The oxygen, 
hydrogen, and helium tests were con
ducted by first purging the backing 
groove chamber outside of the fur
nace and then metering the gas f low 
rate w i th a micrometer valve prior to 
inserting the specimen into the fur
nace. The gas f low rate was suf
ficiently low not to change the heat
ing rate of the specimen. The backing 
gas ports in the test specimen were 
located towards the rear of the fur
nace, al lowing preheating of the gas 
during its f low through the inlet tube 
to the rear of the furnace. 

The partial vacuum tests were con
ducted using a roughing pump for 
evacuation. Due to the small size of 
the chamber, partial pressures of 
20 / io f Hg or less were conveniently 
achieved. Al l of the specimens were 
pumped down (evacuated) prior to 
their insertion into the furnace. An in
teresting aspect of these tests was 
the ability to detect when an initiated, 
part-through, crack had become a 
through-the-thickness crack; the 
roughing pump made a dist inguish
able surging noise as soon as the 
crack extended to the outside of the 
specimen, permitt ing air f i l l ing of the 
backing groove chamber. 

Results of the tests summarized in 
Table 2 reveal that furnace atmo
spheres have an influence of Rene'41 
on postweld heat treat cracking be
havior. The gross cracking (OGC) tem-

Fig. 5 — Black light photograph of on-heat
ing gross cracking experienced during 
heat treating in a hydrogen furnace atmo
sphere 

10 
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SPECIMEN TEMPERATURE - *F (X lOO) 

Fig. 6 — On-heating partial pressure profiles obtained for vacuum test series 
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peratures of the oxygen tests were 
comparable to those of air atmo
sphere tests; this is not unexpected, 
since the influence of oxygen is prob
ably maximum at oxygen contents 
less than that of air. Both hydrogen 
and helium increased the OGC tem
perature, w i t h hydrogen exhibit ing 
the greatest effect. 

One of the unusual effects noted 
was the extent of gross cracking ob
tained w i th the hydrogen specimens. 
Ths most general form of gross crack
ing observed wi th air atmosphere 
specimens was an approximately 1 80 
deg circumferential crack wi th or 
without small radial cracks extending 
f rom its extremities along the grain di
rection of the sheet. As shown in Fig. 
5, the cracking of hydrogen atmo
sphere test specimens was different 
in that a multiplicity of radial cracks, 
independent of grain orientation was 
obtained. The primary circumferential 
cracks, however, were quite similar 
to those observed w i th air atmo
sphere test specimens as influenced 
by grain direction and location. 

The fact that the partial vacuum 
tests showed a lowering of the OGC 
temperature was attributed to the 
possible tension stressing of the 
inner (root) surface of the specimen 
due to the imposed pressure dif feren
tial across the sheet thickness. The 
partial vacuum tests were also as
sumed to be subject to the influence 
of any residual oxygen originating 
f rom air outgassed from the adhesive 
fi l lets at the tube joints. The possible 
effects of the pressure differential 
created by simply evacuating the 
backing groove chamber and the pos
sibility of air outgassing of the ad
hesive fi l lets led to the development 
of the circular frame specimen shown 
in Fig. 2 and 3. 

Crack-susceptibility test results ob
tained wi th the circular frame speci
men (Fig. 2) are summarized in Tables 
3 and 4. Data obtained for control pur
poses wi th air atmospheres are 
shown in Table 3 and vacuum 
environment test results are con
tained in Table 4. The air atmosphere 
tests were conducted w i th specimens 
representing two heats of Rene' 41 
(heats 7470 and 6842) and the 
vacuum data were obtained wi th 
specimens produced w i t h heat No. 
6842 material. The data of Table 3 
provide a correlation of air atmo
sphere test results obtained wi th cir
cular and square frame specimens 
configurations. As these data indi
cate, there is essentially no differ
ence in the gross cracking temper
atures of circular and square f rame 
specimens for both heats and mate
rial. This suggests that air atmos
phere data obtained w i th the stan
dard square frame were valid for cor
relation purposes w i th the vacuum 
test data obtained w i th the circular 
frame integral-retort specimen. 

A comparison of the gross cracking 
temperatures obtained wi th the 
vacuum environment tests summar-

Fig. 7 — Comparison of surface oxidation 
due to air atmosphere (left) and vacuum 
environment (right). Disk in center is as-
received material 

ized in Table 4 w i th the air atmo
sphere results in Table 3 clearly show 
that the use of a " g o o d " vacuum for 
heat treating purposes wi l l not signif
icantly increase the resistance to 
postweld heat treat cracking. The 
noted 10 to 15 deg increase in the 
gross cracking temperature is of the 
same order of magnitude as the in
crease observed by simply lowering 
the weld energy input (ref. 3). 

It is important to note the pos
sibility of a temperature difference be
tween the specimen disk and the top 
surface of the cover. Wi th the vacuum 
tests, heating of the disk insert is ac
complished by conduction through 
the base metal, whereas the air atmo
sphere specimens are additionally 
heated by the air in contact w i th the 
disk surfaces. Consequently, the disk 
insert temperature would probably 
lag the temperature of the cover ele
ment surface. If this thermal di f feren
tial actually existed, it is possible to 
conclude that a vacuum environment 
has no effect on gross cracking be
cause the actual gross cracking tem
perature would be slightly lower than 
those noted in Table 4. 

Wi th regard to the quality of the 
vacuum used for these tests, atten
t ion should be drawn to the initial 
maximum partial pressure data sum
marized in Table 4. Excluding the first 
two specimens for reasons noted in 
the table, initial pressures were quite 
low ranging f rom 1 to 1 . 8 x 1 0 6 m m 
Hg wi th maximum pressures to 5 to 
8*10 5 mm Hg occurring in the 900F 
to gross cracking temperature range. 
It is signif icant that the gross crack
ing temperatures of the first two 
specimens shown in Table 4 agree 
quite favorably w i th the gross crack
ing temperatures of the latter four 
specimens. These data are in agree-

Fig. 8 — Scanning electron micrographs showing selected intergranular oxidation of the HAZ surface due to heat treating in an air atmo
sphere (/eft) and a vacuum environment (right). Center example was taken from a vacuum specimen which developed a leak during on-
heating (X1000, reduced 18%) 
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ment despite the fact that the first 
specimen w a s not adequate ly 
cleaned prior to heat treating and the 
second was fabricated using a frame 
in which the top surface access holes 
were omitted. 

Partial pressures measured during 
on-heating for each of the tests sum
marized in Table 4 are plotted as a 
function of specimen temperature in 
Fig 6. Of note in these plots is a char
acteristic increase in pressure which 
peaks out in the 500 to 700F temper
ature range. This effect is the result of 
surface outgassing during heating 
and is clearly a function of the degree 
of cleanliness associated w i th the 
preparation of the specimens. 

For example, an effective initial low 
pressure could not be obtained wi th 
specimen 1(104) due to residual ma
chining oil in the backing gas ports, 
although the pressure did drop during 
on-heating above 900F. Specimen 
2(105), in which the top surface ac
cess ports were omitted, increased in 
pressure rapidly during on-heating 
and then declined during heating 
above 800F; the surge in pressure at 
the gross cracking temperature is due 
to the sudden evacuation of the upper 
chamber resulting from the develop
ment of through-thickness cracks. 

The low partial pressure cycle ex
hibited by specimen 5(11 1) is the re
sult of meticulous cleaning proce
dures used to verify the influence of 
outgassing on partial pressure vari
ations during on-heating. The pri
mary difference in the preparation of 
this specimen as contrasted w i th the 
others was the belt grinding of the in
side surface of the cover element to 
remove the mill surface material 
which was thought to be a pre
dominant source of outgas. 

Metallographic Analyses 

The effectiveness of the vacuum 
environment is il lustrated by the 
specimens shown in Fig 7. The speci
men on the left is an air atmosphere 
test specimen and the one on the 
right is a vacuum test specimen. The 
disk placed on the two specimens i l 
lustrates the luster of the as-received 
material for comparison purposes. A l 
though not evident in this photo
graph, the surfaces of the disks from 
the vacuum tests appeared "c leaner" 
after heat treatment than they were 
prior to heat treat cycling. 

The effects of oxygen were clearly 
revealed during the routine metallo
graphic examination of test specimen 
fractures. These effects are shown in 
the scanning electron micrographs 
on Fig. 8, where selective intergran
ular oxidation of heat-affected zone 
surfaces is evidenced for varying oxi
dation conditions. The micrograph on 
the left shows intergranular oxidation 
of the heat-affected zone due to heat 

Table 4 — On-Heating Crack-Susceptibility Test Results for Rene'41, Ht. No. 6842, 
Specimens Heat Treated in Vacuum 

Data Obtained with Circular Frame Specimen (See Figs. 2 &3). 

Specimen 
no, 

1 (104) 
2(105) 
3(106) 
4(107) 
5(108) 
6(111) 

Temp,, onset 
gross cracking F 

1360(b) 

1350 
1355 
1360 
1340 
1365 

Vacuum pressures (mm Hg), 
initial 

1x10-" 
3.5x10- = 

1X10-6 

1.5x105 

1.8x10- = 
1.5x10-= 

maximum 

1x10 4 

4 x 1 0 " 4 ' d | 

8x10- 6 

8x10- 5 

6x10- 5 

5x10- = 

(a) Preweld condition — mill annealed 
(b) Specimen surface slightly discolored, however, crack face appeared clean This specimen was not ultrasonically de
greased and residual machining oil probably remained in the backing groove ports which were rough surfaced and burred 
(c) The maximum pressure noted here is that observed in the temperature range above 900 F, during which subcritical 
and cracking events occur Pressure increases below 900 F were attributed to surface outgassing effects 
(d) Holes to upper chamber omitted (See Fig 2} Pressure surge to 4x10'- mm Hg occurred during gross cracking when 
through-thickness cracking resulted causing evacuation of upper chamber 

treating in an air atmosphere. The 
center micrograph reveals less pro
nounced selective attack in the im
mediate vicinity of a gross crack ob
tained wi th a test in wh ich an air leak 
developed during on-heating. The 
micrograph on the right, taken in the 
immediate vicinity of a gross crack in 
a vacuum test specimen, does not 
show any signs of intergranular oxi
dation; surface indications are prob
ably due to the opening of prior oxida
tion damage sites resulting from 
microstraining of the surface metal in 
the vicinity of the heat treat crack net
work. The abrasion marks evident in 
all of the examples of Fig. 8 are due to 
pre-weld sanding of the surfaces 
preparatory to welding. 

A systematic scanning electron 
microscopy analysis comparing the 
fracture features of air atmosphere 
specimens w i th the features of 
vacuum specimens was conducted. 
The variations in fracture appearance 
between these groups of specimens 
were readily apparent. Examples of 
scanning electron micrographs com
paring fracture features of air atmo
sphere and vacuum environment 
specimens are shown in Fig. 9. The 
micrograph to the left shows air atmo
sphere specimen features and the 
one on the right features of vacuum 
specimen fractures. The general oxi
dation of the air atmosphere test frac
tures is quite similar in appearance to 
fractures which have undergone gen
eral corrosion attack. In contrast, the 
vacuum specimen fractures are sharp 
featured and secondary cracking is 
more readily apparent. 

A detailed replica microscopy study 
was also conducted to further estab
lish microstructural feature differ
ences associated wi th fractures in air 
and vacuum. Representative micro
graphs of fracture features associated 
wi th these furnace environments are 
shown in Fig. 10 (air) and 11 
(vacuum). In both instances, fracture 
is intergranular and compound parti
cles are evident on the grain facets. 

The primary difference shown in 
these figures is the oxidation of micro-
features such as compound particles 
and precipitate particle sites on the 
air atmosphere fractures. It is not ap
parent whether oxidation occurs as 
part of the fracturing process or just 
simply subsequent to fracture as the 
fresh surfaces are exposed to air. The 
restraint test results would suggest 
the latter since the difference in sus
ceptibility to heat treat cracking of air 
and vacuum specimens was not sig
nificant. 

Another fracture character is t ic 
noted in this study was the common 
occurrence of "s t r ia t ions" in vacuum 
test specimen fractures. These 
striated features were also evident 
wi th air atmosphere fractures, but to 
a considerably lesser degree. Ex
amples of the striated features associ
ated w i th heat treat cracking in 
vacuum are shown in Fig. 1 2. 

The most likely explanation for the 
occurrence of these stria is that they 
are slip plane traces accommodating 
the fracture process. The possibility 
of these striations representing cyclic 
crack extension similar to fatique 
crack growth was considered; how
ever, the lack of any apparent con
tinuity of the crack front among ad
jacent grains did not support this 
idea. The presence of these striations 
might be consistent w i th fractures ex
hibiting greater plasticity characteris
tics which is somewhat supported by 
the slower rate of crack extension re
vealed by acoustic emission analyses. 
It may also be assumed that step-like 
fracturing along grain boundaries in
dicates a higher resistance to crack 
extension that does a planar separa
t ion of grains. Consequently, it might 
be concluded that a vacuum environ
ment is more desirous than an air 
atmosphere for heat treating pur
poses; this is suggested by the re
straint test results showing a slight 
increase in the gross cracking tem
perature using a vacuum environ
ment. 
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Acoustic Emission Analyses 

Significant differences were noted 
in the acoustic emission cracking 
characteristics as influenced by an air 
atmosphere and a vacuum environ
ment. These differences were noted 
for both subcritical and gross crack
ing events during on-heating. For the 
reader's benefit, the terminology and 
acoustic characteristics of heat treat 
cracking used here are discussed in 
detail in Ref. 6. 

The continuous emissions and oc
casional low and intermediate inten
sity bursts normally observed w i th air 
atmosphere tests were far less pro
nounced wi th the vacuum test series. 
This suggests the possibility that the 
difference in acoustic activity is asso
ciated wi th selective intergranular 
surface oxidation as shown in Fig. 8. 
Subcritical microcracking indications 
just prior to gross cracking were more 
evident w i th the vacuum test series 
than wi th air atmosphere tests. This 
latter effect is undoubtedly related to 
the lack of surface oxidation during 
vacuum heat treatment. It is reason
able to assume that stress-aided 
intergranular oxidation in an air atmo
sphere would contribute to stress re
laxation of surface layer material by 
propagation of a multipl icity of in
cipient surface cracks, especially at 
sites of prior oxidation penetration 
damage. Conversely, the residual sur
face layer stresses of vacuum test 
specimens would be expected to re
main signif icant to higher on-heating 
temperatures thereby causing micro
cracking to occur later in t ime as pre
cipitation hardening progressively 
limits the plastic strain capacity of the 
bulk microstructure. 

The acoustic emission characteris
tics of "gross cracking" of air atmo
sphere and vacuum environment 
tests also varied s i gn i f i can t l y . 
Acoustic activity of vacuum spec
imens consisted of profusions of 
intermediate intensity continuous 
emissions w i th occasional acoustic 
bursts, whereas "gross cracking" of 
air atmosphere tests consisted of 
numerous acoustic bursts and much 
lesser amounts of continuous emis
sions. These variations in acoustic 
signatures suggest that a vacuum 
environment increases the resis
tance to "gross cracking" by shift ing 
the mode of crack extension from pre
dominantly unstable crack growth in 
air to predominantly stable (slower) 
crack extension. This was somewhat 
verified by observations of specimen 
fracture in that some part-through 
cracking was found in the vacuum 
test specimens; part-through gross 
cracking had not been observed in 
any of the air atmosphere test spec
imens except those from the inter
rupted on-heating series (Ref. 3). 

Acoustic emission results obtained 

Fig. 9 — Scanning electron micrographs showing differences in fracture face features due 
to heat treating In an air atmosphere (left) and a vacuum environment (right). (X1000, re
duced 36%) 

Fig. 10 — Replica electron fractographs of Rene'41 postweld heat treat (air) cracking. Top 
(X2O0O; bottom — X10,000. both reduced 41%) 

wi th the earlier square frame spec
imen also substantiated the results of 
the circular frame specimen tests. 
The acoustic activity associated w i th 
gross cracking in hydrogen, helium, 
and partial vacuum atmospheres con
sisted of predominately low intensity 
continuous emissions. Acoustic emis
sion analyses of the earlier square 
frame specimen series suggest that 
the results of these tests were prob
ably more valid than had been orig
inally assumed. 

The temperature intervals of "gross 
cracking" (Ref. 6) (or t ime span of 
"gross cracking") of vacuum spec
imen tests were found to be less than 
those of air atmosphere test spec
imens. The occurrence of predom
inately slow (stable) crack extension 
during "gross cracking" and a shorter 

temperature interval for "gross crack
ing" are indications of increased 
resistance to unstable crack propaga
tion. 

The acoustic emission data clearly 
show that the use of a vacuum 
environment as a furnace atmo
sphere wi l l affect the susceptibility of 
Rene'41 to heat treat cracking. The 
specific extent to wh ich the use of a 
vacuum environment would serve to 
avoid heat treat cracking is not appar
ent from these studies, but could be 
determined w i th tests of system
atically varying restraint stress condi
tions. These data do show that the 
use of a vacuum is, at least, as effec
tive as lowering the weld energy 
input, but considerably less effective 
than the use of selective preweld 
heat treatments for avoiding heat 
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Fig. 11 — Replica electron fractographs of Rene'41 postweld heat treat (vacuum) cracking. 

Top (X2000, bottom — X10,000, both reduced 41%) 
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Fig. 12 — Replica electron fractographs 
showing striated features in Rene'41 heat 
treat (vacuum) cracking 

treat cracking (Refs. 3,4). 

Conclusion 

The exclusion of oxygen from the 
heat treating environment does not 
eliminate postweld cracking of Rene' 
4 1 . Vacuum heat treating, as con
trasted wi th heating of air, has a 
beneficial effect comparable to that 
obtained by simply lowering the 
weld energy input. Use of a vacuum 
environment slightly increases the 
on-heating temperature at wh ich 
gross cracking occurs; this increase 
was similar to that achieved wi th 
weldments produced by lower weld 
energy input techniques. 

The primary benefit obtained by the 
exclusion of oxygen is an increase in 
the resistance to gross crack exten
sion. Acoustic emission analyses re
vealed that the mode of cracking 
shifts from predominately rapid (un
stable) crack growth in air to less 
rapid (stable) crack extension in 
vacuum. Consequently, the use of 
vacuum for heat treating might prove 
useful for components in which the 
restraint stresses are near " thres
ho ld" value; that is, where restraint 
conditions are just sufficient to create 

some or intermittent cracking diff icul
ties when heat treating in air. 

An increased resistance to crack 
propagation w i th vacuum heat treat
ment was also revealed by replica 
and scanning electron microscopy; 
microplasticity features were more 
prevalent in the fractures of spec
imens heat treated in vacuum than 
they were on air atmosphere test frac
tures. 

As an approach to avoiding heat 
treat cracking, the exclusion of oxy
gen from the furnace atmosphere 
would be useful in any general frac
ture control plan. Except under mar
ginal restraint conditions, the use of 
an oxygen-free furnace atmosphere 
is not, in itself, sufficient for el iminat
ing postweld heat treat cracking. 
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"Long-Range Plan for Pressure-Vessel 

Research—Third Edition" 

By the Pressure Vessel Research Committee 

A suitable group to carry out the research planning for PVRC was created 
when the PVRC Program Evaluation Committee (now designated the Evaluation 
and Planning Committee) was formed in 1961. This group was originally charged 
with the responsibility of evaluating the research work done by PVRC and 
others, and to prepare a "PVRC Interpretive Report of Pressure Vessel Research" 
to make the results directly useable to the designer and Code-making bodies. Dur
ing the review and evaluation of available information, voids in the state of 
knowledge and the need for further research became apparent. Although these 
items were mentioned in the report, they needed to be organized into a consistent 
plan. Thus, the 18 research topics submitted to PVRC by ASME in 1959 were com
bined with the research problems uncovered by the PVRC Interpretive Report 
and published as the "PVRC Long-Range Plan for Pressure-Vessel Research" in 
WRC Bulletin 116, September 1966. 

The PVRC "long-range plan" was distributed as widely as possible for review 
and comment. Since then, a number of additional problem areas have been sug
gested by the ASME BPVC as well as by other organizations and by individuals 
within PVRC. Therefore, to keep the long-range plan timely and up to date, the 
Evaluation and Planning Committee agreed that it should be re-issued every 
three years. In accordance with this decision, the Second Edition of the long-
range plan was issued in September 1969, in WRC Bulletin 144, and the Third Edi
tion in September 1972, in WRC Bulletin 176. Some of the problems in the Second 
Edition were dropped and a number of new problems were added in the Third 
Edition. 

The list of "PVRC Research Problems" is comprised of 42 research topics, 
divided into three groups relating to the three divisions of PVRC, i.e., Materials, 
Design and Fabrication. Each project is outlined briefly in a project description 
giving the: (a) Title; (b) Statement of Problem and Objectives; (c) Current Status; 
and (d) Action Proposed. 

The price of WRC Bulletin 176 is $3.00 per copy. Orders for single copies should 
be sent to the American Welding Society, 2501 N.W. 7th Street, Miami, Fla. 33125. 
Orders for bulk lots, 10 or more copies, should be sent to the Welding Research 
Council, 345 East 47th Street, New York, N.Y. 10017. 
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