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ABSTRACT. The weld microstructural
evolution, mechanical properties and so-
lidification cracking susceptibility of
three precipitation-strengthened marten-
sitic stainless steels — PH 13-8 Mo, Cus-
tom 450 and 15-5 PH — were investi-
gated. Liquid tin quenching of gas
tungsten arc welds revealed that all three
welds solidified as single-phase ferrite
with a high degree of microsegregation.
However, during further solidification
and cooling almost complete homoge-
nization occurred as a result of solid-state
diffusion. The welds in all three alloys ex-
hibited good resistance to solidification
cracking and generally exhibited tensile
and impact properties similar to those of
the base metal. However, in almost all
cases, the weld Charpy impact energies
were somewhat less than those of the
base metals. The cracking behavior and
mechanical properties are discussed in
terms of microstructural evolution.

Introduction

The precipitation-strengthened
martensitic stainless steels are used for
their high strength, higher than that of the
austenitic stainless steels, and good cor-
rosion resistance, better than the harden-
able 400 series stainless steels (Ref. 1).
These alloys form a low-carbon marten-
site with Mf temperatures just above
room temperature, and are precipitation
strengthened by one or more of the fol-
lowing elements: Cu, Al, Ti, Nb and Mo
(Refs. 2–4). In general, these materials ex-
hibit good weldability; however, they ex-
hibit an embrittlement coincident with
the onset of precipitation hardening that

has precluded the use of some alloys of
this type in applications requiring high
toughness (Ref. 5).

Often, the evolution of the weld mi-
crostructure is not well understood or
considered by the welding engineer or
metallurgist. Rather, emphasis is di-
rected at developing a defect-free weld
that meets minimum property require-
ments. Although the engineering appli-
cation is of primary importance, only by
understanding the evolution of the mi-
crostructure can one expect to readily
optimize welding processes and subse-
quent weld properties. The evolution of
weld microstructures of these alloys has
never been studied in detail. This inves-
tigation studies three such alloys: PH 13-
8 Mo (USN S13800), strengthened by
NiAl; 15-5 PH (USN S15500), strength-
ened by particles of elemental Cu; and
Custom 450 (USN S45000), strength-
ened with particles of elemental Cu and
possibly a Nb- and Mo-containing Laves
phase. The solidification cracking sus-
ceptibility and weld tensile and impact
properties were investigated and are dis-
cussed in terms of microstructural evo-
lution revealed with the use of liquid tin
quenching.

Experimental

Compositions of the three martensitic
stainless steels are shown in Table 1. All
three alloys were from commercial heats.
The VAR PH 13-8 was obtained from
Armco and the ESR Custom 450 was ob-
tained from Carpenter Technology. Both
alloys were in the form of an 8-in. round
corner square bar. The 15-5 PH was ob-
tained from G. O. Carlson in the form of
1⁄2-in. plate. The PH 13-8 and Custom 450
were upset and cross forged at 1200°C
(2192°F) to plate 0.6 and 0.4 in. thick, 14
in. wide and approximately 3 ft long.
Smooth axisymmetric tensile properties
and the Charpy impact energy were de-
termined for both welds and base metals
in the unaged condition and as a function
of aging temperature. The mechanical
properties of the base plates were ob-
tained using specimens that were austen-
itized, oil quenched and then aged. Re-
frigeration to liquid nitrogen temperature
subsequent to oil quenching and prior to
aging had negligible effects on the
strength and Charpy impact properties of
Custom 450 and 15-5 PH when aged be-
tween 450 and 550°C (842–1022°F) for 1
h. Under the same conditions, the impact
toughness of PH 13-8 was actually re-
duced ~20% when aged at 450°C and re-
duced ~30% when aged at 500°C, while
the yield strength increased ~3 and 6%,
respectively, as a result of refrigeration.
When aged at 550°C, the properties were
unaffected as a result of refrigeration prior
to aging. Consequently, refrigeration was
not used on any of the specimens in this
study. Weld plates 6.4 x 30.5 cm (2.5 x
12 in.) were austenitized for 1 h and air
cooled prior to welding. An austenitizing
temperature of 927°C (1700°F) was used
for PH 13-8 Mo while that for Custom
450 and 15-5 PH was 1038°C (1900°F).

Mechanical test specimens were cut
from GTA cold wire feed welds with the
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sample length transverse to the weld di-
rection. The weld fusion zone was
placed in the center of the specimens
with the notch of the Charpy specimens
at the weld root. Tensile specimens, 5
mm in diameter and 20 mm long (0.2 x
0.79 in.), contained a composite of the
fusion zone (~50%), HAZ and base
metal. The tensile specimens deformed
uniformly when tested, indicating no one
zone dominated the tensile response;
specimens also fractured near the weld
center. The nominal weld parameters
and plate thicknesses corresponding to
the test results are shown in Table 2. A U-
groove joint preparation and 1.14-mm
(0.045-in.) welding wire were used with
an interpass temperature of ~65°C
(~150°F) for both plate thicknesses.

The solidification cracking susceptibil-
ity was evaluated in the unaged condition
using sub-size Varestraint testing (Ref. 6).
For comparison, tests were conducted on
two commercial vacuum-induction
melted/vacuum-arc remelted heats of
304L (USN S30403): one that solidified as
primary ferrite, designated 304L-F, and the
other that solidified as primary austenite,
designated 304L-A. The compositions of
these two heats of 304L are shown in
Table 1. Welding parameters used during
Varestraint testing are given in Table 2.

Metallographic samples of tin
quenched and Varestraint specimens

were prepared using standard metallo-
graphic techniques with the final polish
made with a 0.05-micron silica aqueous
solution. A Vilella’s etch was used to re-
veal the microstructural features. Micro-
probe analysis for compositional deter-
mination was conducted using a Joel
8900 microprobe with a 1-micron beam
size operated at 15 and 25 KEV, de-
pending upon feature size, and a 25-nA
beam current. Samples for TEM analysis
were electropolished and examined on a
Joel 200 CX microscope. Fracture sur-
faces of Charpy samples were examined
using SEM.

Microstructural Evolution

In this investigation, GTA welds were
quenched with liquid tin during welding
in an attempt to capture insitu the evolu-
tion of the weld microstructure from the
first stages of solidification to that ob-
served at room temperature. Figure 1

shows results from a Custom 450 weld
obtained using this technique. The mi-
crostructure is evolving from left to right
with the quenched weld pool and solidi-
fying dendrite tips shown in the left side
of the micrograph. Microsegregation oc-
curring from elemental partitioning be-
tween the solid and liquid during weld so-
lidification is evident in the interdendritic
regions of the cellular/cellular-dendritic
solidifying structure. However, it appears
that homogenization occurs during fur-
ther solidification and cooling (moving
from left to right in the micrograph). At a
lower temperature (in the right-hand side
of the micrograph), the ferrite has started
to transform to austenite by a diffusion-
controlled process. When cooled below
the Ms (in this case, assisted by the tin
quenching), the austenite transforms to
martensite. Thus, the total evolution of
the weld microstructure can be observed
in one micrograph. 

Electron microprobe analysis was
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50 µm

Fig. 1 — Montage of liquid tin-quenched Custom 450 GTA weld showing the evolution of the weld microstructure from the dendrite tips in the
weld pool to the region of solid-state transformation of ferrite to austenite. Captions show sequence of transformations.



conducted to determine elemental parti-
tioning and microsegregation in the
quenched Custom 450 weld sample
shown in Fig. 1. An analysis using a 1.75-
micron spacing was taken across the
dendritic structure near the solidification
front in the region shown at higher mag-
nification — Fig. 2A. The results are
shown for Ni, Nb, Cu, Mo and Si in Fig.
2B, C. It can be seen the partitioning co-
efficients (k defined as Cs/Cl, where Cs =
concentration of the solid and Cl = con-
centration in liquid) are less than 1 for all
these elements. That is, the intracellular
regions, the first to solidify, are depleted
in these elements and the cell bound-
aries, the last regions to solidify, are en-
riched. Partitioning coefficients near the
liquidus, calculated using microprobe
analysis of the cell tips and the bulk com-
position given in Table 1, are shown in
Table 3. Although carbon was not mea-
sured, it is known that carbon also parti-
tions to the liquid, k<1.

The interdendritic region near the so-
lidification front is shown at higher mag-
nification in the SEM micrograph of Fig.
3. As discussed below in the section on
solidification cracking, the second phase
is composed primarily of NbC. It is im-
portant to note in the optical micrograph
of Fig. 1 that, at a distance of about 400
microns (0.016 in.) from the solidifica-
tion front, little evidence of the second
phase exists.

An electron microprobe analysis,
again using a spacing of 1.75 microns
(6.9 x 10-5 in.), was conducted transverse
to the weld along a line 400 microns
from the weld front where in Fig. 1 there
is no evidence of microsegregation. The
microprobe analysis shown in Fig. 4 for
Ni, Nb and Cu verified the material in
this region is very homogeneous com-
pared to the region near the solidification
front shown in Fig. 2A. The Ni variation
was reduced from ~2.5 wt-% at the so-
lidification front to only ~0.7 wt-% at a
distance 400 microns from the solidifica-
tion front. Similarly, variations were re-
duced in Cu from 0.65 to 0.2 wt-%, in Nb
from 1.2 to 0.2 wt-%, in Si from 0.35 to
0.04 wt-% and in Mo from 0.4 to 0.1 wt-
%.

Welds of PH 13-8 were also liquid tin
quenched. This alloy solidified in the
same fashion as Custom 450, that is, as
single-phase ferrite. The microstructures
in Fig. 5A taken near the solidification
front clearly show evidence of alloy par-
titioning that occurred during weld solid-
ification. Microprobe analysis was con-
ducted in regions of the cell core and cell
boundaries. The average of a number of
analyses in the two regions were the fol-
lowing: Ni core = 7.6 wt-%, boundary
=10.5 wt-%; Mo core = 1.9 wt-%,
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Fig. 2 —  SEM micrograph (A) showing solidification front of sample in Fig. 1. The line indicates
region of microprobe analysis shown in B and C.
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boundary = 2.6 wt-%; and Al core = 1.2
wt-% and boundary = 1.4 wt-%. How-
ever, it can be seen in this sample the very
tips of the solidifying dendrites have not
been captured. Thus, it must be expected
that, as a result of some solid-state diffu-
sion occurring during solidification, the
concentrations measured at the dendrite
cores are somewhat higher than what
would exist at the dendrite tips. There-
fore, the initial partitioning coefficients
shown for PH 13-8 in Table 3 are likely
somewhat high.

The region of the solid-state transfor-
mation of ferrite to austenite is shown in
Fig. 5B ~1000 microns (~0.039 in.) from
the weld front. Note that in the region of
the quenched ferrite no evidence of seg-
regation exists. Similar to Custom 450,
homogenization of the PH 13-8 welds
also occurred during solidification and
cooling. As a result of elemental parti-
tioning during the ferrite-to-austenite
transformation, a small amount of ferrite
is retained along the Widmanstatten
austenite boundaries. In this weld, the
ferrite fraction appeared to be 1–2%.

Discussion of 
Microstructure Evolution

In Custom 450, as well as the other two
alloys studied, little evidence of microseg-
regation exists in the room-temperature
weld microstructures. Thus, one may have
expected that partitioning coefficients
could be close to 1. However, in the tin-
quenched samples it was found a high de-
gree of alloy partitioning does occur dur-
ing solidification. The experimentally
measured partitioning coefficients shown
in Table 3 vary from ~0.85 for Ni to ~0.36
for Nb. It is evident during solidification
and cooling, even at the fairly rapid cool-
ing rates of welding, a large degree of ho-
mogenization can occur. This observed
behavior is in agreement with the weld so-
lidification model developed by Brooks
and Baskes (Ref. 7) in which they incor-
porated solid-state diffusion. In their mod-
els, they showed, for example, that Nb in
Fe, with a partitioning coefficient of
~0.25, rapidly diffuses during weld solid-
ification, resulting in a nearly homoge-
neous composition. However, more re-

cently they have shown that even in GTA
welds undercooling can result in higher
Nb concentrations of the dendrite tip, but
this effect is diminished during further so-
lidification and cooling as a result of solid-
state diffusion (Ref. 8). It must be expected
that, in the welds in this study, some tip un-
dercooling also occurred that slightly in-
creased the initial dendrite tip concentra-
tion above the equilibrium value for
elements with partitioning coefficients
less than 1. 

The quenching results shown for Cus-
tom 450 and PH 13-8 provide insight to
the microstructural evolution of other
martensitic stainless steels. In both Cus-
tom 450 and PH 13-8, the welds solidi-
fied as single-phase ferrite with no sec-
ondary solidification of austenite. One
can predict the solidification behavior of
stainless steels using Creq/Nieq ratios (Ref.
9) from a variety of diagrams, such as the
WRC-1992 diagram (Ref. 10). For the
composition of Custom 450 used here,
the Creq/Nieq ratio, using the WRC, is
1.87, above the minimum value of ~1.7
predicting solidification occurring com-

Fig. 3 — SEM micrograph showing at higher magnification the
dendritic region near the tin-quenched solidification front of the
Custom 450 weld. 

Fig. 4 — Microprobe analysis taken across the dendrite structure ~400 microns
from the solidification front of the sample shown in Fig. 1.

Fig. 5 — A —  Solidification structure near the weld pool (to the right) of a liquid tin-quenched PH 13-8 Mo GTA weld showing evidence of alloy
segregation; B — region of the decomposition of ferrite to austenite ~1 mm from the solidification front.
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pletely as ferrite. This prediction of ferrite
solidification is consistent with the be-
havior shown in Fig. 1. The Creq/Nieq ratio
for 15-5 PH (using N=0.03) and PH 13-8
are 2.24 and 1.60, respectively. One
would then predict that 15-5 PH would
also solidify as single-phase ferrite and
exhibit similar behavior to that shown in
Fig. 1. However, it may have been ex-
pected that the heat of PH 13-8 with a
Creq/Nieq ratio of 1.60 used in this study
would have solidified as primary ferrite
with the peritectic solidification of
austenite. The tin-quenched welds of the
PH 13-8 alloy clearly showed that solid-
ification occurred as single-phase ferrite,
with the solid-state transformation taking
place at a temperature considerably
lower than that of final solidification.
However, as discussed by Cieslak, et al.
(Ref. 11), if Al is included in the Creq with

a value of 2.48, the Creq/Nieq is 1.90, well
within the single-phase ferrite solidifica-
tion region. 

It is interesting to note in Fig. 1 a
martensitic structure is evident through-
out the microstructure. In the lower tem-
perature regions of the micrograph (right
side), the ferrite that transformed via a dif-
fusional process to austenite transformed
to martensite when cooled to a little
above room temperature, Ms~120°C
(250°F). The microstructure in the left
side of the micrograph is different than
that on the right side. It is proposed that,
at the higher temperatures near the weld
front, rapid cooling rates during quench-
ing suppressed the diffusion-controlled
transformation of ferrite to austenite, al-
lowing the ferrite to transform massively
(Ref. 12) to austenite, as has been re-
ported in some austenitic stainless steels

(Refs. 13, 14). It has also been suggested
a massive transformation can occur dur-
ing water quenching thin sheets of PH
13-8 (Ref. 13). Upon further cooling, this
austenite also transformed to martensite.
This later sequence of transformations is
a manifestation of the tin quench and is
not representative of the microstructural
evolution of the GTA welds. However,
this sequence of transformations could
occur under the rapid cooling rates of the
high-energy-density welding processes.

Mechanical Properties

The tensile properties of both welds
and base metal were obtained for the un-
aged condition and as a function of
aging temperature for an aging time of
3.2 h. An aging time of 3.2 h was chosen
for direct comparisons with base metal

Fig. 6 — Transverse weld tensile yield strengths (0.2% offset) of the
three alloys studied.

Fig. 7 — Yield strengths of weld and base metals of Custom 450 in
the unaged condition and as a function of aging temperature.

Fig. 8 — Yield strengths of weld and base metals of PH 13-8 Mo in
the unaged condition and as a function of aging temperature.

Fig. 9 — Yield strengths of weld and base metals of 15-5 PH in the
unaged condition and as a function of aging temperature.
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properties for which aging times of up to
100 h were studied (1, 3.2, 10, 32 and
100 h). The 3.2 h is close to the conven-
tional aging time of 4 h for these materi-
als. The tensile data reported are the av-
erages of two tests in which the variation
in the two test results were typically
within several ksi for both the welds and
base metals. The weld tensile yield
strengths are shown in Fig. 6. The aging
response of the welds of all alloys is sim-
ilar in that the yield strength reaches a
maximum at intermediate aging temper-
atures and then decreases with further
increases in aging temperature. Peak
yield strengths for the 3.2-h age were
about 195 ksi for PH 13-8 and about 180
ksi for Custom 450 and 15-5 PH. The
peak strengths of Custom 450 and 15-5
PH are reached at an aging temperature

50–75°C less than the aging temperature
at which the peak yield strength was
achieved for PH 13-8, ~450 vs. 525°C
(842 vs. 977°F).

The yield strengths of the weld and
base metal of the three alloys studied are
plotted in Figs. 7–9 as a function of aging
temperature. In all the alloys, the nature
of the aging response is similar, though
varying slightly in detail. Therefore, their
general behavior can be discussed to-
gether. In the unaged condition, the
welds have a higher yield strength than
the base metals. This trend also exists for
the lower aging temperatures, with the
peak strengths of the welds and base met-
als being very similar. Except for 15-5
PH, the peak strength of the welds is
reached at an aging temperature ~50°C
lower than that of the base metals. For

aging temperatures greater than that pro-
ducing peak strength, the base metal of
both Custom 450 and PH 13-8 has
slightly higher strengths than the weld
metal. However, in all three alloy sys-
tems the welds have a higher strength
than the base metal when aged at 600°C
(1112°F). Thus, the results suggest that
weld microstructures age harden more
intensely at lower aging temperatures
and the weld microstructures overage
more slowly than the base metals.

The Charpy impact energies of Cus-
tom 450 and PH 13-8 welds and base
metals were determined for the unaged
conditions and as a function of aging
temperature for an aging time of 3.2 h.
As shown in Fig. 10, the Charpy impact
energy of the Custom 450 base metal is

Fig. 10 — Charpy impact energies of the weld and base metals for
Custom 450 in the unaged condition and as a function of aging tem-
perature.

Fig. 11 — Charpy impact energies of the weld and base metals for PH
13-8 Mo in the unaged condition and as a function of aging temper-
ature.

Fig. 12 — TEM dark field micrograph of PH 13-8 Mo weld fu-
sion zone aged for 3.2 h at 550°C showing distribution of NiAl.

Fig. 13 — Charpy impact energy and yield strength of PH 13-8 Mo base
metal plotted as a function of aging temperature.
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125 ft-lb in the unaged condition and de-
creases with increasing aging tempera-
ture to a minimum value of 24 ft-lb on
aging at 425°C (797°F). On aging above
425°C, the impact energy increases with
increasing aging temperature. The
Charpy impact energies obtained from
the two weld plates of Custom 450 are
quite similar, as shown in Fig. 10. In the
unaged condition, they are ~25% lower
that that of the base metal. At an aging
temperature of 400°C (752°F), the im-
pact energy drops drastically to only
~35–40% of that of the base metal. At
aging temperatures from 450 to 550°C
(842 to 1022°F), the Charpy impact en-
ergy of the weld metal is still less than
that of the base metal, even though in

this range the Charpy impact energy of
both the weld and base metal increase
with increasing aging temperature.

The Charpy impact energies of the
weld and base metals for PH 13-8 are
shown in Fig. 11. In the unaged condi-
tion, the impact energy of the base metal
is quite high, at 161 ft-lb, but decreases
to 25 ft-lb at aging temperatures between
450 and 525°C. For aging temperatures
greater than 525°C, the Charpy impact
energy increases rapidly with increasing
aging temperature. Thus, for the base
metal, there is an embrittlement of the
alloy that coincides with the onset of sig-
nificant age hardening, and the mini-
mum in Charpy impact energy is ob-
tained at an aging temperature about

50°C lower than the aging temperature at
which the maximum yield strength is ob-
tained. Both welds exhibit behavior qual-
itatively similar to that of the base metal,
but the levels of toughness achieved by
the two welds are very different. Weld 2
has a Charpy impact energy in the un-
aged condition of 105 ft-lb, while the
Charpy impact energy of weld 1 in the
unaged condition is only 56 ft-lb. While
both welds exhibit an embrittlement
trough in the same range of aging tem-
peratures as exhibited by the base metal,
material from Weld 1 is, at every aging
temperature, of lower toughness than
material taken from Weld 2.

Fig. 14 — Fracture surfaces of Charpy impact specimens of PH 13-8 Mo base metal aged at: A —  450°C; B — 500°C; C — 550°C (all same mag-
nification).

Fig. 15 — Cross sections of the welds of: A — Custom 450; B — PH 13-8 Mo.

A

A B

B C



Discussion of Mechanical
Properties

In using these materials, one must
choose the aging temperature that pro-
vides the best combination of strength
and toughness for the particular engi-
neering application. The differences in
weld and base metal aging response must
then also be considered. Qualitatively,
for a given alloy type, the base metals
and welds exhibited similar age-harden-
ing responses in that similar peak yield
strengths were obtained and the peak
yield strengths were obtained at similar
aging temperatures. However, there are
consistent differences.

The primary difference between the
base and weld metal aging responses was
that the weld metals exhibited higher
strengths than did the base metals in the
unaged condition and at the lower aging

temperatures. This effect is believed to be
due to the thermal cycles experienced by
weld deposits from subsequent weld
passes. After each weld pass, the weld
plates were allowed to cool to below
about 65°C, less than the martensite start
temperatures for PH 13-8, Custom 450
and 15-5 PH, which are 120, 118 and
132°C (248, 244 and 270°F), respec-
tively. Therefore, one would expect a
new weld pass to have the effect of heat-
ing some region of the previously de-
posited weld to temperatures sufficient to
result in particle precipitation in the
martensite. While the times at these tem-
peratures may be relatively brief and the
temperature excursions themselves may
not result in marked age hardening of the
martensite, they could have the effect of
altering particle precipitation kinetics on
subsequent aging of the weld. This is
consistent with the yield strengths of the

welds being greater than the yield
strengths of the base metals in the un-
aged conditions, the welds having higher
yield strengths than the base metals after
aging at 400°C (752°F) and the weld met-
als achieving their maximum yield
strength at lower aging temperatures than
those of the base metals.

While there were small but consistent
differences between the aging responses
of weld and base metals for these alloys,
the peak strengths obtained for the base
and weld metals after age hardening
were similar. This similarity in strength
can be related to the evolution of the
weld microstructure, as observed in the
tin-quenched samples. Here, it was
shown that considerable alloy partition-
ing occurred during weld solidification,
but solid-state diffusion was sufficiently
fast for a large degree of homogenization
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Fig. 16 — Fracture surfaces at two magnifications of Custom 450 weld Charpy impact specimen aged at 475°C. The fracture path is bottom to top
in both fractographs.

Fig. 17 — Fracture surfaces of Custom 450 base metal Charpy impact specimens: A — Aged at 475°C for 3.2 h; B — aged at 450°C for 100 h.
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to occur during further solidification and
cooling. This resulted in a uniform pre-
cipitate distribution throughout the weld
microstructure represented in the TEM
micrograph (Fig. 12) taken from the fu-
sion zone of a PH 13-8 weld aged at
550°C (1022°F) for 3.2 h.

This behavior can be contrasted to the
precipitation-strengthened austenitic
stainless steels in which the high degree
of microsegregation is retained to room
temperature due to the sluggish diffusion
kinetics in the austenitic structure. This
often results in a nonuniform precipitate
distribution with precipitate-free den-
drite cores and welds with inferior me-
chanical properties (Refs. 15, 16). The
similar aging response of the weld and
base metal of the class of alloys studied
here is an attractive engineering feature
of these materials.

The Charpy impact energy results for
the base and weld metal displayed simi-
lar behavior in that both exhibited a min-
imum in Charpy impact energy at an
aging temperature slightly less than the
aging temperature at which the peak
yield strength was obtained. However, at
most aging temperatures, the weld metal
for both Custom 450 and PH 13-8 did not
achieve the same levels of Charpy impact
energy as did the base metals. There are
also significant differences between the
levels of toughness achieved by the two
PH 13-8 weld plates. These differences in
toughnesses can be discussed best by first
reviewing the effect of aging temperature
on the toughness of PH 13-8. 

The Charpy impact energy and yield
strength of PH 13-8 aged for 1 h are plot-
ted as a function of aging temperature in
Fig. 13. The room-temperature Charpy

impact energy decreases dramatically on
aging at 450°C, has a minimum on aging
at 500°C (932°F) and then increases with
increasing aging temperature. The mini-
mum in Charpy impact energy occurs at
an aging temperature 50°C less than that
resulting in peak yield strength. The em-
brittlement of this alloy coincident with
the onset of precipitation strengthening is
associated with a change in fracture
mode — Fig. 14. Even after aging at
450°C, fracture is by microvoid coales-
cence, but after aging at 500°C the frac-
ture mode is primarily quasi-cleavage. As
the aging temperature is increased be-
yond 500°C, the fracture mode returns to
microvoid coalescence. It may be
thought that this embrittlement behavior
is related to microstructural changes as-
sociated with the decomposition of re-
tained austenite, such as carbide precipi-
tation at lath boundaries and/or changes
in the mechanical stability of the retained
austenite, or the precipitation of intra-lath
particles. However, there is no evidence
that in PH 13-8 there is any effect of aging
temperature on austenite content, me-
chanical stability or morphology over the
range of aging temperatures of interest
(Ref. 5). It has also been found that in in-
vestment-cast material, austenite rever-
sion does not occur at aging temperatures
at or below 566°C (1051°F) (Ref. 18).
Therefore, the embrittlement is ascribed
to the precipitation of NiAl particles,
which are coherent to the matrix and
which would be expected to be sheared
by dislocations at smaller particle sizes
(Ref. 18). This shearing of particles is be-
lieved to result in a local work softening
that promotes the strain localization re-
quired to initiate cleavage fracture. 

The results for Custom 450 in Fig. 10
show that the Charpy impact energies in
the unaged condition are less in the welds
than in the base metal (~95 vs. 125 ft-lb).
Three factors could be contributing to this
difference in toughness. The first is that
some precipitation of the strengthening
particles is believed to have occurred in
the weld metal; this alone would be ex-
pected to lead to reduced toughness in the
weld metal. Second, the inclusion volume
fraction and spacing in the weld metal
could be different from those in the base
metal. The particles in the base metal at
which microvoids can initiate are primar-
ily 5-micron-diameter Al- and Si-contain-
ing oxides, ~2-micron-diameter Nb-en-
riched carbonitrides and small
~0.15-micron Mn-enriched inclusions.
By both introducing small amounts of
oxygen and nitrogen during welding,
which would increase the volume frac-
tion of inclusions, and by refining particle
size and spacing during weld solidifica-
tion and cooling, the toughness would de-
crease (Refs. 19, 20). However, more
work is needed to better characterize in-
clusions in weld deposits in these materi-
als. The third factor that could result in
lower weld metal toughness is the larger
grain size, which can influence toughness
when the fracture mode is microvoid co-
alescence and the inclusion spacing
small, as in Custom 450 (Ref. 19).

The Custom 450 weld macrostruc-
ture, shown in cross section in Fig. 15, is
characterized by a columnar grain struc-
ture that persists through the entire weld
thickness. This structure is a result of epi-
taxial growth and preferred solidification
growth directions. A low magnification
fractograph of the Custom 450 weld aged

Fig. 18 — Fracture surface of PH 13-8 weld aged at 525°C. Note sec-
ondary cracking associated with weld filler passes.

Fig. 19 — Subsize Varestraint test results showing solidification crack-
ing behavior of the three martensitic stainless steels and two heats of
304L: 304L-A, primary austenite solidified, and 304L-F, primary fer-
rite solidified.
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at 475°C is shown in Fig. 16A. The frac-
tograph indicates vertical striations asso-
ciated with the long columnar grains ob-
served in Fig. 15. This fracture surface is
seen in higher magnification in Fig. 16B.
These fractures exhibit a cleavage frac-
ture mode with cleavage facets both par-
allel and perpendicular to the macro-
scopic fracture surface. The facets tend to
have their longest dimension parallel to
the columnar grains. If the cleavage
facets are [100] planes, as is often ob-
served in b.c.c. materials, the frac-
tographs are consistent with the colum-
nar grains having a [100] growth
direction. For comparison, the fracture
surface of Custom 450 base metal aged
at 475°C (887°F) is shown in Fig. 17A.
The fracture surface consists of both
quasi-cleavage and microvoid coales-
cence, with cleavage facets 10–20 mi-
crons in dimension. The fracture surface
of Custom 450 base metal aged at 450°C
for 100 h, which resulted in a Charpy im-
pact energy of about 8 ft-lb, is shown in
Fig. 17B. The cleavage facets are more
easily recognized on this fracture sur-
face, but, again, they have dimensions of
about 10 to 20 microns. Therefore, it is
suggested that the lower toughness of the
weld metal, particularly for aging tem-
peratures of 450 through 500°C
(842–1022°F) are strongly influenced by
large and oriented grains, which promote
cleavage fracture. However, after aging
at 400°C (752°F), the strength of the weld
metal is considerably greater than the
strength of the base metal, as discussed
previously. It is believed that the onset of
the embrittlement at this temperature is
primarily due to the precipitation of
shearable particles.

In comparing the Charpy impact en-
ergies of the PH 13-8 weld and base

metal, there are a number of points of in-
terest. Again, the Charpy impact energies
of the welds are less than the impact en-
ergy of the base metal for the unaged and
aged (at 400°C) conditions. Microstruc-
tural factors that could lead to the weld
metal having lower toughness than the
base metal for the unaged condition and
after aging at 400°C would be the same
as those presented in the discussion of
the toughness of Custom 450. However,
it is not clear why one of the PH 13-8
welds had much higher toughness than
the other, although it is believed to be
due to microstructural differences intro-
duced by welding. It is possible that there
were slight undetected variations in the
welding procedure between the two
plates. The effects of different thermal cy-
cles and interpass temperature of the
multiple pass welds on the aging re-
sponse, austenite reversion, carbide pre-
cipitation, etc., can be very complex in
determining the final weld microstruc-
ture. More work is needed to determine
the sensitivity of weld process variables
on weld properties.

As shown in Fig. 14, the welds of PH
13-8 are not characterized by the long
columnar grains observed for Custom
450. For PH 13-8, the regions associated
with each weld pass appear to be clearly
delineated and large columnar grains do
not appear to continue past these
boundaries, as they did in the Custom
450 welds. The interfaces between weld
passes appear to be important to the
fracture process. As shown in Fig. 18,
the crack advancing from the base of the
notch appears to interact strongly with
these interfaces, and these interfaces are
associated with secondary cracks —
perpendicular to the fracture surface —
exhibiting a ductile fracture mode. The

energy absorbed by the secondary
cracking processes could strongly influ-
ence the Charpy impact energy. These
secondary cracks were not observed on
the fracture surfaces of the Custom 450
welds that were examined. Given the
high aluminum content of PH 13-8, the
possibility exists that the particles at the
interfaces between the weld passes in
the PH 13-8 welds, which lead to the
ductile secondary cracking along these
interfaces, are aluminum oxide and alu-
minum nitride particles.

Solidification Cracking 
Susceptibility

Weld solidification cracks may form
during the final stages of solidification if
sufficient stress or strain occurs to fracture
the solidifying structure. Cracking occurs
primarily along grain boundaries con-
taining low-melting liquids. The weld so-
lidification cracking susceptibility of Cus-
tom 450, PH 13-8 and 15-5 PH was
evaluated using sub-size Varestraint test-
ing (Refs. 6, 21). The test results, plotted
as total fusion zone crack length vs. aug-
mented strain, are shown in Fig. 19. For
comparison, results from two heats of
304L, one that solidified as primary fer-
rite, 304L-F, with a measured ferrite num-
ber FN = 4.5, and the other that solidified
as primary austenite, 304L-A with FN~1,
are also plotted. The Varestraint test re-
sults show that PH 13-8 is extremely re-
sistant to solidification cracking; no
cracking occurred at applied strains less
than 2%, comparable to that of primary
ferrite solidified 304L. Custom 450 and
15-5 PH exhibited similar cracking be-
havior and were more crack susceptible
than PH 13-8. However, the behavior of
the two alloys was much closer to the heat

Fig. 20 — A — Solidification crack tips region of a Custom 450 Varestraint sample showing second phases associated with cracking (15-5 PH ex-
hibited very similar appearance); B — solidification crack tip region of PH 13-8 Mo Varestraint sample.
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304L-F solidifying as primary ferrite than
that of primary austenite, 304L-A, espe-
cially at the low strain levels. The maxi-
mum crack lengths of the martensitic
stainless steels for three different strain
levels are shown in Table 4. It can be seen
the maximum crack length for Custom
450 and 15-5 PH are very similar and are
about twice as long as those of PH-13-8
Mo. This behavior is consistent with the
total crack length data shown in Fig 19.

Solidification cracks were analyzed to
determine the nature of the phases asso-

ciated with cracking that could be iden-
tified at room temperature. Crack tips of
a Custom 450 Varestraint sample are
shown in Fig. 20A. Little observable mi-
crosegregation is evident except in the
boundaries in front of the crack. Analyti-
cal electron microscopy analysis of par-

ticles extracted from the
grain boundary regions
showed the second phase
contained primarily Nb
and lighter elements. The
electron diffraction pat-
terns index as Nb(C,N).
Microprobe analysis of
the region containing the
second phases also
showed enrichments of P.

The crack tip region
of a PH 13-8 is shown in
Fig. 20B. In these sam-
ples, little evidence of mi-
crosegregation exists ex-
cept for a slight
segregation a few mi-
crons ahead of the crack
tip. This region contains
higher Ni (~12%) vs. the
average alloy composi-
tion 8%Ni, and higher
Mo, ~5 vs. ~2.2% for the
alloy average. The few
light second-phase parti-
cles in Fig. 20B are high
in Mo and P but were not
identified. The lacy sec-
ond phase to the bottom
left of the micrograph is
delta ferrite residual from
the solid-state transfor-
mation of ferrite to
austenite.

The weld solidifica-
tion cracks in 15-5 PH
were very similar in ap-
pearance to those shown
in Fig. 20A for Custom
450 and contain the same
Nb(C,N) particles. The
15-5 PH Varestraint test
specimens also exhibited
very small shallow inter-

granular surface cracks in the weld HAZ.
An example of these cracks in a metallo-
graphically prepared sample is shown in
Fig. 21A. These cracks, shown at higher
magnification in Fig. 21B, were associ-
ated with Cu apparent as a solidified liq-
uid in the grain boundary (note arrow in
Fig. 21B). These surface cracks are at-
tributed to the vaporization of Cu under
the arc and its condensation on the
cooler base metal ahead of the weld.
During Varestraint testing, strains were
sufficient at temperatures above the melt-

ing point of Cu for the fine surface cracks
to form.

Discussion of 
Solidification Cracking

The extensive use of the austenitic
stainless steel alloys and the knowledge
of their solidification mode and cracking
susceptibility provides a good basis for
comparison of the three martensitic al-
loys. Welds in the 300 series alloys that
solidify as austenite can be very suscep-
tible to solidification cracking. The
cracking susceptibility increases with in-
creasing levels of P, S and Si that promote
the formation of low-melting liquids.
However, compositions that solidify as
primary ferrite with the peritectic solidi-
fication of austenite, or in which the
transformation of ferrite to austenite starts
to occur at a temperature close to the
bulk solidus, are extremely resistant to
cracking (Refs. 22–25), even with high
levels of P and S (Refs. 26, 27). In com-
positions that solidify completely as fer-
rite and the solid-state transformation of
ferrite to austenite does not occur until
lower temperatures, cracking suscepti-
bility can then again increase (Ref. 28).
The results in Fig. 19 for 304L-A and
304L-F are consistent with the known so-
lidification behavior of 304L.

Figure 19 shows like primary ferrite so-
lidified 304L (304L-F), the PH 13-8 was
very resistant to solidification cracking.
The cracks that did form were fairly blunt
in nature, indicating that a high degree of
strain was required for their initiation and
propagation. One of the reasons for the
high cracking resistance is evident when
examining regions of the cracks that did
form when highly strained. Fig. 20B
shows extensive second phases were not
associated with the solidification cracks
and only a small degree of microsegrega-
tion is present. However, it is more infor-
mative to examine the solidification front
of the tin-quenched welds in Fig. 5A,
where the microsegregation and mi-
crostructure is characteristic of that when
the cracks form. Here, it is more evident
that the composition of the liquid present
when cracking occurred is enriched in Ni
and Mo. Nevertheless, the degree of seg-
regation is still relatively small due to the
absence of minor alloying elements, such
as Nb with small partitioning coefficients.
In this alloy, Si and the impurities, P and
S, which further promote low-melting liq-
uids, are also very low. Thus, the absence
of reaction products of low-melting liq-
uids in the solidifying microstructure is
consistent with the high solidification
cracking resistance and relative short
crack lengths in the Varestraint tests.
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Fig. 21 — A — Shallow intergranular surface cracks in the weld
HAZ of a 15-5 PH Varestraint test specimen; B — higher mag-
nification of A showing Cu in the grain boundaries.
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The alloys Custom 450 and 15-5 PH
are more crack susceptible than the alloy
PH 13-8, even though all three alloys so-
lidified as single-phase ferrite. In these al-
loys, the examination of Varestraint sam-
ples (Fig. 19A) shows the second phases
present that can be related to cracking.
However, the tin-quenched welds (Fig. 3)
further show the high degree of alloy par-
titioning of a number of elements; the
welds also show the degree of microseg-
regation occurring, which leads to the
formation of low-melting liquid. These
results would suggest the synergistic ef-
fects of a number of elements, though the
examination of Varestraint samples may
simply suggest the segregation of a Nb-
containing liquid solidifying by a eutec-
tic reaction involving NbC. It can also be
expected that the elements Si and P may
have further suppressed the temperature
of final eutectic solidification. 

The maximum crack lengths of the
Varestraint tests are related to the tem-
perature range of the cracking suscepti-
ble region and the thermal gradient in the
region in which the crack forms. Since
the low-temperature solidification reac-
tions are similar for Custom 450 and 15-
5 PH, it is not surprising that the maxi-
mum crack lengths of the two alloys are
also similar. They are also much greater
than those in PH-13-8 Mo, in which no
significant secondary solidification reac-
tions were observed. 

Summary

The evolution of weld solidification
behavior and microstructure develop-
ment was clearly revealed using tin-
quenching techniques. All three alloys
were shown to solidify completely as fer-
rite, even though some existing diagrams
predict that PH 13-8 would solidify as
primary ferrite with some secondary so-
lidification of austenite. A high degree of
alloy partitioning occurs during solidifi-
cation, but the welds are almost com-
pletely homogenized during further so-
lidification and cooling.

The strength and Charpy impact prop-
erties of the weld and base metals were
qualitatively similar for the aging condi-
tions studied. This similarity in the prop-
erties of the base metals and the welds
was attributed to homogenization occur-
ring during solidification and cooling,
which leads to very similar microstruc-
ture and precipitate distribution. How-
ever, there were systematic differences
between the aging responses of the weld
and base metals; in particular, the welds
had, at lower aging temperatures, a
stronger aging response than did the base
metals. In addition, the toughness of the

welds exhibited an embrittlement at
lower aging temperatures than did the
base metal.

Custom 450 and 15-5 PH would ap-
pear from Varestraint tests to be fairly re-
sistant to solidification cracking. In these
tests, PH 13-8 was shown to be extremely
resistant to solidification cracking. The
tin-quenched welds revealed the nature
of microsegregation and structure char-
acteristic of the state in which solidifica-
tion cracking occurs. Cracking of both
Custom 450 and 15-5 PH was attributed
primarily to the segregation of Nb and the
formation of a low-melting liquid, result-
ing in the eutectic solidification involv-
ing NbC. Segregation of Si and Mo may
further promote cracking susceptibility.
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