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A theory of strain-age cracking is 
proposed on the basis of elevated 
temperature tests 
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ABSTRACT. An investigation was 
undertaken to determine the factors 
that influence postweld heat treat
ment cracking in Inconel X-750. The 
mechanical response to stress in the 
temperature range of 1000-1750F 
was measured earlier and has been 
recently reported in the Welding Jour
nal.10 The present paper reports the 
structural changes observed in In
conel X-750 as a result of isothermal 
aging in the temperature range of 
1 300-1 630F. 

All testing was performed on the 
R.P.I. Gleeble, and the resultant 
microstructures were examined using 
transmission electron microscopy. 
Samples were aged in the temper
ature range of 1300-1630F for 
periods of time ranging from 15 sec 
to 30 min. 

In addition, a series of specimens 
was aged at 1 500F under conditions 
of stress relaxation in order to ob
tain information concerning aging 
under conditions that better simulate 
those found in weldments. 

A substantial hardness increase 
was found to occur in less than one 
minute for all aging temperatures in 
the range of 1 300-1 600F. However, 
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no increase in hardness was noted 
after aging at 1 630F for 30 min. The 
hardness increase exhibited a typical 
"C-Curve" t ime-temperature relation
ship wi th the minimum time to reach 
a given hardness level occurring in 
the vicinity of 1500F. The results of 
aging under conditions of stress relax
ation indicated that macrostresses 
were developed wi th in the first 5-10 
sec of aging at 1 500F, apparently as a 
result of a volume change accom
panying the initial stage of aging. 

Transmission microscopy of the 
aged samples revealed that the initial 
hardness increase is associated wi th 
clustering and that this clustering is 
fol lowed by the precipitation of co
herent gamma prime. In addition, no 
evidence of any region denuded of 
gamma prime was found in samples 
aged up to 30 min in the range of 
1300-1 600 F. 

A mechanism has been proposed 
which explains the phenomenon of 
postweld heat-treatment cracking of 
Inconel X-750. This mechanism is 

Table 1 — Chemical Analysis of 
Inconel X-750, % 

Ni Cr Al Ti Cb & Ta 

73.21 15.12 0.70 2.45 0.92 

C Mn Fe S Si Cu 

0.03 0.51 6.65 0.007 0.30 0.08 

based on the rapid rate of hardening 
of the matrix and the stresses that de
velop during the initial stages of 
aging. 

In t roduct ion 

The need for materials which ex
hibit both high strength and oxidation 
resistance at elevated temperatures 
led to the development of precipita
tion hardening nickel-base super-
alloys. Unfortunately the problem of 
postweld heat-treatment cracking 
has often limited the commercial use 
of these materials. This cracking 
usually occurs whi le welded as
semblies are being heated through 
the 1 200-1 600F temperature range 
during a thermal stress relief. In gen
eral, failure occurs only if the rate of 
heating is less than some critical 
rate1 wh ich suggests that a t ime 
dependent mechanism may be the 
cause of failure. Two such mech
anisms, elevated temperature defor
mation and precipitation of a second 
phase have been suggested to be the 
principal factors leading to eventual 
failure. 

Although numerous theories have 
been proposed to explain postweld 
heat-treatment cracking, the mech
anisms responsible for failure are still 
not clearly understood. In general, 
these theories propose that failure 
wil l occur when the ductility of a lo
calized region falls below that neces
sary to accommodate the strain ex
perienced either during or fol lowing a 
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weld thermal cycle. 
Localized thermal expansion and 

contraction strains inevitably result 
from the steep temperature gradients 
associated w i th welding. These 
strains act against the overall re
straint of the assembly being welded 
and induce complex patterns of resid
ual stresses in the completed weld
ment. In addition, it has been re
ported that the age hardening nickel-
base alloys usually experience a 
volume change during the.aging pro
cess.1 3 This volume change must be 
considered as an additional strain 
component which is imposed during 
exposure to some characteristic 
aging temperature range. 

It has been repeatedly postulated 
that postweld heat-treatment crack
ing results from a lack of ductil ity dur
ing aging. This lack of ductil ity, wh ich 
renders the material incapable of ac
commodating the cumulative strains 
imposed on the weldment without 
failure, has been attributed to: 

1. grain boundary embri t t lement 
resulting f rom: 

a. metallurgical reaction,1 AJ 

b. solute segregation2, or the 
presence of oxygen,5-8 

2. a zone adjacent to grain bound
aries6 which is denuded of y 
3. matrix strengthening caused by 
the intragranular precipitation4 of 
Tforcing stress relaxation to occur 
locally at grain boundaries,39 and 
4. the alloy's inherent lack of duc
tility at the aging temperatures.1 10 

Thus, it is generally agreed that the 
problem of postweld heat-treatment 
cracking must be associated w i th one 
or more metallurgical changes which 
occur in a temperature range where 
the structure exhibits an inherent 
lack of ductility. It would seem that 
before the mechanism of this form of 
cracking is completely understood, a 
systematic study of both the response 
of these materials to stress at ele
vated temperatures and the micro-
structural changes that accompany 
aging at these temperatures should 
be undertaken. Furthermore, such a 
study should be made on a relatively 
simple age-hardenable alloy so that 
microstructural changes may be min
imized. 

Recently, Dix and Savage10 have 
shown that in short-t ime elevated 
temperature tensile tests the ductil ity 
of Inconel X-750 loaded at rates rang
ing from 0.16-16.0 ipm exhibited a 
minimum in the vicinity of 1500-
1600F. The authors suggested that 
the balance between the contribution 
of grain boundary sliding and t rans
granular slip to the overall deforma
tion process appears to control the 
ductil ity in the range 1000-1 750F. In 
general, an increase in the amount of 
grain boundary sliding was found to 

cause a decrease in ductility. The rela
tive amount of grain boundary sliding 
was found to increase both as the 
strain rate was decreased and as the 
testing temperature was increased 
from 1000-1 600 F. 

Above 1 600F, dynamic recrystalliza
tion was observed and was ac
companied by an increase in ductility. 
However, no evidence was found of 
embrit t lement due to either stress-in
duced or strain-induced precipitation 
of either 7 ' or carbides during the 
short t ime elevated temperature tests. 

The fol lowing study is concerned 
wi th the microstructural changes that 
accompany aging for periods of t ime 
ranging from 5 sec to 30 min in the-
temperature range of 1 300-1 630F. It 
should be recalled that this is the 
temperature range in which the 
precipitation hardenable nickel-base 
alloys are most susceptible to post
weld heat-treatment cracking. In 
addition, extensive localized deforma
tion by grain boundary sliding was 
found to occur in this temperature 
range during the previous investiga
tion. 

Object ives 

The objectives of this investigation 
were: 

1. To determine the isothermal 
aging characteristics of Inconel X-
750 in the temperature range of 
1 300-1 600F, 
2. To study the influence of stress 
relaxation on the aging process at 
1500Fand 
3. To establish the microstructural 
changes that lead to the gener
ation of macrostresses during post
weld aging treatments. 

Mater ia ls 

The Inconel X-750 used in this 
investigation was prepared according 
to conventional mill practice and was 
supplied in the mill annealed condi
tion as 1 /16- in . sheet. The chemical 
analysis of the as-received material is 
shown in Table 1. Before aging the 
samples were solution annealed at 
2000F for 2 hr and water quenched. 

Exper imenta l Procedure 

Aging Studies 

Two types of aging studies were 
performed in the R.P.I. Gleeble. One 
series of specimens was aged at se
lected temperatures for var ious 
lengths of t ime in the unrestrained 
condition without any prior me
chanical deformation. A second 
series was heated to 1 500F, strained 
0.017-in. at 100 ipm and held at 
1500F under restraint for various 
lengths of t ime. 

Hardness measurements w e r e 
taken on the aged samples w i th a 

Vickers Hardness Tester using an ap
plied load of 10 kg. At least three 
hardness measurements were taken 
on each sample tested. The data re
ported represents the arithmatic aver
age of all readings taken on each 
sample. 

Metallographic Examination 

The structures of selected samples 
which had been previously aged for 
various periods of t ime in the temper
ature range of 1 300-1 630F were ex
amined by transmission electron 
microscopy after they had ex
perienced stress relaxation at 1500F 
for various t ime periods. 

The samples were first reduced 
mechanically to a thickness of 4-8 
mils. Small discs were then punched 
from the thinned sample and electro-
chemically th inned by a jet polishing 
technique.12 Thinning was performed 
in a solution consisting of 20% per
chloric acid and 80% ethyl alcohol 
using 50-60 ma and 7.5 Vdc. 

Results and Discussion 

Aging Studies 

The effect of both aging t ime and 
aging temperature on the hardness of 
Inconel X-750 is shown in Fig. 1. This 
figure ind ica tes the ha rdness 
changes associated w i th aging for 
periods of t ime of up to 30 min in the 
temperature range of 1 300-1 630F. In 
addition, the hardness range for solu
tion treated samples is included for 
reference purposes. 

Examination of Fig. 1 indicates that 
for all testing temperatures below 
1600F the initial hardness increase 
associated wi th the aging process oc
curs in less than 1 min. This init ial 
hardness increase is found to occur 
more rapidly as the aging temper
ature is increased from 1300F to 
1 500F as may be seen by comparing 
the 1300F and the 1500F aging 
curves. For example, at 1300F, the 
hardness of samples aged for 2 min 
increased to a DPH of 210, whi le 
after aging for only 15 sec at 1500F, 
a DPH of 235 was obtained. 

In addition, note that a 15 min 
aging treatment at 1300F, a 90 sec 
aging treatment at 1400F and a 15 
sec age at 1500F produced the same 
hardness. At 1600F, a signif icant 
hardness increase was found to occur 
in 1 min, yet there was essentially no 
hardness increase after aging for 30 
min at 1630F. Figure 2 is a cross-plot 
of the data shown in Fig. 1 for two 
hardness levels, a DPH of 235 and a 
DPH of 260. The aging t ime required 
to reach either hardness level ex
hibits a minimum at an aging temper
ature of 1500F and increases at 
aging temperatures both above and 
below 1500F. Thus the relationship 
between aging t ime and aging 
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Fig. 1 — Effect of aging time and temperature on the hardness of 
samples aged in the temperature range of 1300F-f 630F 
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Fig. 3 —r Typical stress relaxation curve obtained from an oscillo
graph recording of a sample heated to 1500F and deformed 
0.017 in. at a rate of 100 ipm 
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Fig. 2 — Effect of aging temperature on the aging time required to 
obtain a constant hardness 
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Fig. 4 — Effect of holding time at 1500F on the hardness of sam
ples deformed 0.0 f 7 in. at a rate of 100 ipm 

temperature exhibits the classical "C 
curve" form. 

It is of interest to note that the min
imum t ime to reach a desired hard
ness level occurs at temperatures in 
the vicinity of the tensile ductil ity min
imum shown previously by Dix and 
Savage.10 They found that the temper
ature range at which the minimum in 
the tensile ductility occurred cor
responded to the range of temper
atures at which grain boundary slid
ing was the dominant deformation 
mode. Therefore, any process caus
ing rapid strengthening of the matrix 
in this temperature range should 
cause the deformation to become 
further localized at the grain bound
aries. This in turn would increase the 
tendency to form intergranular cracks. 

In order to obtain additional 
information concerning the initial 
stages of aging under conditions that 

better simulate those found in weld
ments, a series of specimens were 
aged at 1500F under conditions of 
stress relaxation. The samples were 
first heated to 1500F and then elon
gated approximately 0.017 in. at a 
rate of 100 ipm. The load required to 
maintain this elongation was continu
ously monitored on a direct reading 
oscillograph and the load at any t ime 
" t " was used to calculate the stress 
relaxation parameter, ( cr, - o0 )• 

Atypical stress relaxation curve ob
tained from an oscillograph recording 
is shown in Fig. 3. This figure in
dicates the variation in stress as a 
function of holding t ime for samples 
strained 0.01 7 in. and aged at 1500F. 
Note that the stress relaxation ap
pears to fol low a logarithmic relation
ship wi th a negative slope for a period 
of approximately one second (Region 
I). For the next 10-12 sec the stress 

relaxation curve assumes a positive 
slope and the relaxation parameter 
( o - cro ) actually increases (Region 
II). Note that during this t ime interval 
the stress increases by approximately 
1200 psi. The stress relaxation curve 
then experiences a second reversal in 
slope and stress relaxation again 
follows a logarithmic relationship 
wi th a larger negative slope (Region 
III). 

Figure 4 shows the results of a 
study performed to determine the ef
fect of stress relaxation on the hard
ness of samples tested at 1500F. In 
this study, samples were heated to 
1500F, strained approximately 0.017 
in. and held for selected periods of 
t ime. The curve shown in Fig. 4 in
dicates that a hardness increase o f ' 
approximately 50% occurred in the 
first 10-12 sec of stress relaxation. 
Note from Fig. 3 that a reversal of the 
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Fig. 5 — Electron diffraction pattern of 
Inconel X-750 showing the (100) recip
rocal lattice plane including the j 100 V 
and J110f superlattice reflections 
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Fig. 6 — Transmission electron micrographs of samples aged at 1500F after deformation 
of approximately 0.017 in. at a rate of 100 ipm.: (a) aged 5 sec. (b) aged 10 sec. X50,000, 
reduced 5% 

Fig. 7 — Transmission electron micrographs of samples aged at 1500 F after deformation 
of approximately 0.017 in. at a rate of 100 ipm.: (a) aged 30 sec; (b) aged 120 sec. X50.000, 
not reduced 
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Fig. 8 — Transmission electron micrographs of samples aged at 1500 F after deformation 
of approximately 0.017 in. at a rate of 100 ipm.: (aj aged 900 sec, (15 minj; (bj aged 1800 
sec(30minjX50,000, reduced 1% 

slope of the stress relaxation curve 
occurs during this interval. This im
plies that a volume decrease must 
accompany this stage of the aging in 
order to reverse the expected relaxa
tion of stress. 

Comparison of Figs. 1 and 4 reveals 
that the hardness increases more 
rapidly during aging at 1500F if 
stress relaxation is involved. This im
plies that the presence of residual 
welding stresses would increase the 
rate of matrix strengthening during 
postweld aging. Note that the effect 
of stress relaxation is more pro
nounced after an initial aging interval 
of approximately 10 sec. For example, 
the t ime to reach a hardness of 275 
DPN is decreased from 300 sec w i th 
out stress to about 4 0 sec when aging 
is accompanied by stress relaxation. 

In order to determine the micro-
structural changes responsible for 
the observed hardness changes dis
cussed above, selected samples were 
prepared for examination by trans
mission electron microscopy. 

Transmission E lect ron 
M ic roscopy 

The matrix hardening phase in In
conel X-750 is 7 ' (gamma prime). 
This phase is an ordered FCC precipi
tate similar in structure to Cu3 Au and 
forms coherently w i th the nickel-rich 
matrix. Since 7 ' is an ordered phase, 
its presence can be detected by elec
tron diffraction techniques. That is, 
certain reflections in the reciprocal 
lattice that do not occur for a random 
FCC matrix satisfy the conditions for 
diffraction when the ordered phase is 
present.13 

Figure 5 is an electron diffraction 
pattern of aged Inconel X-750 show
ing the J 1 0 0 | reciprocal lattice plane. 
Note that both the { l 0 0 [ and j 1 1 0 | 
superlattice reflections are present al
though neither would be present for a 
random solid solution wi th a face-
centered cubic structure. 

In future discussions Y' w i l l be re
ported as a microconstituent only if 
the superlattice reflections were pres
ent in the electron diffraction pat
terns. It should be noted that failure 
to detect such superlattice reflections 
does not necessarily rule out the 
presence of Y'• Thus, 7 ' might be 
present but not identifiable if either 
the amount of 7 ' present is below 
the threshold of detection, or if the 
structure factor causes the diffraction 
from certain planes to be weak.13 

Figures 6-8 are transmission elec
tron micrographs taken of samples 
aged for various lengths of t ime at 
1500F during stress relaxation. 
Figures 6a and 6b show the structure 
of samples that were strained 0.017 
in. and held at 1 500F for the intervals 
of t ime of 5 and 10 sec, respectively. 
An extremely fine structure is ob
served in the matrix of the sample 
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Fig. 9 — Transmission electron micrographs showing different carbide morphologies: (a) 
cellular carbide formed by aging 900 sec (15 min) at 1400F; (b) globular carbides formed by 
aging 120 sec (2 min) at 1500F. X50.000, not reduced 

held for 5 sec, whi le after a holding 
t ime of 10 sec, the structure has 
coarsened considerably. Electron dif
fraction patterns obtained from both 
of the above samples failed to show 
evidence of the presence of 7 ' . 
Therefore, the f ine structure seen in 
Figs. 6a and 6b was attributed to a 
pre-precipitation, or clustering stage 
in the aging process. 

Reference to Fig. 3 indicates that 
both the 5 and 10 sec holding t imes 
are in Region II of the stress relaxa
tion curve. Thus the upturn of the 
curve in Region II has been attributed 
to clustering, whi le Region I appears 
to be a relaxation stage that precedes 
the onset of clustering. Therefore, the 
hardness increase shown in Fig. 4 for 
both the 5 and 10 sec aging is also at
tributed to the pre-precipitation or 
clustering stage of the aging process. 

Aging for 30 sec at 15O0F under 
conditions of stress relaxation results 
in the structure shown in Fig. 7a. This 
electron micrograph is distinctly dif
ferent from that shown in either Fig. 
6a or 6b. The fine structure in the ma
trix as shown in Fig. 6 has been re
placed by the characteristic "mot 
t led" appearance of the matrix in Fig. 
7a indicating that coarsening has oc
curred after 30 sec at 1 500F. Further
more, diffraction patterns obtained 
from this sample indicate 7 ' to be 
present after aging 30 sec at 1 500F. 

Figure 7b shows the structure 
resulting from an aging t ime of 120 
sec (2 min) at 1 500F. This structure is 
similar to that shown in Fig. 7a ex
cept that further coarsening' is in
dicated in Fig. 7b. In addition, the 
superlattice reflections in the diffrac
tion patterns obtained from the 
sample aged for 120 sec were more 
intense than those obtained from the 
sample aged for 30 sec. This plus the 
obvious coarsening of the microstruc
ture shown in Fig. 7b is taken as 
evidence both of growth of existing 
and of nucleation of additional 

Further evidence of the growth of 
can be seen by comparing Fig. 8 w i th 
Fig. 7. The microstructure shown in 

Figs. 8a and 8b result f rom aging 
samples at 1500F under stress re
laxation conditions for intervals of 
900 and 1800 sec (15 min and 30 
min, respectively). Note that indi
vidual particles of 7 ' can be dis
tinguished readily after 1 800 sec (Fig. 
8b) as a result of the strain fields 
caused by the coherency strains (ar
row). However , the ind iv idua l 
particles are too small to be detected 
after aging 900 sec (Fig. 8a). 

From the above observations, the 
increase in hardness associated wi th 
aging under stress relaxation condi
tions for periods of t ime in excess of 
30 sec (Refer to Fig. 4) is caused by 
nucleation and growth of 7 . In addi
t ion, normal stress relaxation re
sumes during this period as indicated 
by the negative slope in Region III of 
Fig. 3. 

Evidence of carbide precipitation 
was also found in samples aged at 
temperatures in the range of 1300-
1 500F. These carbides were found to 
form preferentially at the grain bound
aries after 30 min at 1300F, 15 min 
at 1400F, or two min at 1500F. In 
addition, the morphology of the car
bides was a function of the temper
ature of formation. Cellular carbides 
were evident after aging at 1300F 
and 1400F, whi le globular carbides 
were observed after aging at 1500F. 
These two carbide morphologies are 
shown in Fig. 9a and 9b, respectively. 

Figure 9a is the structure formed by 
aging 900 sec at 1400F wi thout an 
applied stress. Note particularly the 
cellular carbides at the grain bound
aries. Note also that the precipita
t ion of the7 'phase is continuous and 
that no zone denuded of 7 'can be de
tected in the vicinity of the grain 
boundaries containing cellular car
bides. 

The continuous precipitation of 7 in 
regions adjacent to carbides is also 
evident in Fig. 9b. This figure shows 
the structure resulting from aging 
1 20 sec (2 min) at 1 500F without an 
applied stress. Note the globular mor
phology of the carbides evident in Fig. 

9b and the fact that no apparent de
nuded zone exists adjacent to these 
carbides in either grain. Cont in
uation of aging up to 30 min at 
1500F coarsened both the globular 
carbides and the 7 ' wi thout creating 
zones denuded of 7 ' 

The results shown in Fig. 9 present 
evidence that negates the argument 
that postweld heat-treatment crack
ing is associated w i th a weakened 
region of the matrix in which defor
mation has become localized because 
of the lack of 7'precipitates.6 

It should be noted that the above' 
observation concerning both the pre
cipitation of carbides and the denuda
tion of 7'are limited to relatively short 
aging times (up to 30 min). Such a 
mechanism involving a zone denuded 
of 7'adjacent to carbides has been re
ported to be the cause of failure in 
precipitation in hardenable nickel-
base alloys under condit ions of stress-
rupture. However, the long times in
volved in these tests bear little rela
tionship to the short t imes involved in 
postweld heat-treatment cracking. 

Proposed Theory of 
Strain-Age Cracking of 
Inconel X-750 

Inconel X-750 is normally welded 
in the solution annealed condition. 
This treatment is usually carried out 
at 1950-21 OOF fol lowed by either air 
cooling or water quenching. Unless 
the material is cooled extremely 
rapidly from the solution temper
ature, the results of this investigation 
indicate that a signif icant amount of 
hardening could result during cooling 
through the 1 500F range. Recall that 
only a few seconds at 1 500F caused 
clustering and 7 'prec ip i ta t ion w i th in 
the matrix. During the welding oper
ation, such clusters and/or " r 'p resent 
in those regions of the HAZ that expe
rience peak temperatures in the 
range of 1 2 0 0 - 1 6 0 0 F , w o u l d 
coarsen. In regions experiencing 
peak temperatures greater than about 
1650F, the"Y'should redissolve and 
the clusters disperse. Although some 
repreciptation mav then occur during 
the cooling portion of the weld ther
mal cycle the regions depleted o f 7 ' 
and clusters by exposure to temper
atures above 1 650F would be consid
erably weaker than those regions 
experiencing peak temperatures in 
the age hardening range. 

During postweld stress relief an
nealing, additional precipitation oc
curs throughout the entire assem
bly as the weldment is being heated 
through the temperature range of 
1 200-1600F. Stresses developed as 
the result of precipitation add to the 

(Concluded on p. 144-s) 
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