
Hot-Cracking Mechanism in CO2 Laser 
Beam Welds of Dissimilar Metals Involving 

PH Martensitic Stainless Steels 

Alloy containing Nb appears more crack susceptible than 
alloy without Nb 

BY M. J. CIESLAK 

ABSTRACT. Autogenous CO2 laser beam 
welds were made between Alloy HP 
9-4-20 and both 15-5 PH and PH 13-8 Mo 
stainless steel. Small scale circular-patch 
test specimens revealed that the combi
nation involving the Nb-bearing alloy, 
15-5 PH, was far more crack susceptible 
than the combination involving the Nb-
free alloy, PH 13-8 Mo. Analytical elec
tron microscopy was used to identify an 
NbC/austenite eutectic-like constituent 
as being responsible for the cracking 
phenomenon. 

Introduction 

The susceptibility to hot-cracking of 
high alloy and stainless steels is generally 
the result of the formation of low melting 
point constituents in interdendritic vol
umes during weld solidification. These 
constituents arise as the result of solidifi
cation segregation, and their component 
elements may be either intentional alloy
ing additions or residual elements 
retained from primary processing. Hot-
cracking is not usually a problem encoun
tered in HP 9-4-20 steel (Refs. 1-3). The 
sulfur and phosphorus content are each 
held below 100 ppm (Ref. 4). 15-5 PH 
stainless steel has also been reported to 
be readily weldable (Refs. 5, 6), especially 
when filler metal is used. Brooks and 
Garrison (Ref. 7) recently reported that 
15-5 PH stainless steel was more suscep
tible to fusion zone hot-cracking than PH 
13-8 Mo stainless steel, and that an un
identified niobium-containing phase was 
associated with the hot-cracks. The same 
authors (Ref. 7) identified constitutional 
liquation of Nb(C,N) as the mechanism 
for heat-affected zone cracking in 15-5 
PH. Bosworth and Zvanut (Ref. 8) had 
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earlier suggested that niobium would 
promote dendritic segregation in 15-5 
PH-type stainless steel weld metals and 
that this could promote micro-cracking. 
Niobium has been associated with hot-
cracking in a variety of ferrous alloys, 
such as Nitronic 50 (Ref. 9), IN-519 (Ref. 
10), and 347 stainless steel (Ref. 11). The 
mechanism of cracking in all cases is the 
formation of an interdendritic niobium 
carbonitride/austenite eutectic. 

As part of a materials selection pro
gram designed to determine acceptable 
alloys for the fabrication of an electrome
chanical component, 15-5 PH stainless 
steel and PH 13-8 Mo stainless steel were 
investigated to assess their compatibility 
during autogenous CO2 laser beam weld
ing to HP 9-4-20 steel. 

Experimental 

Welds were made between specimens 
of both 15-5 PH and PH 13-8 Mo stainless 
steel and HP 9-4-20 steel. The composi
tions of these alloys are given in Table 1. 
The 15-5 PH was in the H-1150 heat 
treatment condition, and the PH 13-8 Mo 
was in the H-1100 heat treatment condi
tion. The welding specimen is shown 
schematically in Fig. 1. The geometry was 
chosen to simulate the component of 
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electromechanical hardware under de
velopment. 

Welding was performed on a Photon 
Sources Versa-Lase Model V-1200 C 0 2 

laser using the following variables: 350-W 
continuous wave, 25-mm/s (1-in./s) trav
el speed, and argon shielding. All welding 
was done using a 95-mm focal length lens 
at sharp focus, and an energy rampdown 
was included to terminate the weld. The 
variables were chosen, based upon expe
rience, to produce a weld bead approxi
mately 0.5 mm (0.2 in.) in depth. Each 
specimen was laser beam tack welded in 
four positions (90 deg apart) prior to 
joining. 

Subsequent to welding, all specimens 
were metallographicaliy prepared to 
reveal both the top surface and trans
verse section of the weld. Etching was 
performed by means of a two step 
technique of immersion for 3 to 20 s in 
both Frye's Reagent (40 ml HCI, 30 ml 
H 2 0 , 25 ml ethanol, 5 gm CuCb) and a 
mixed acid etch (150 ml acetic acid, 50 ml 
HNO3, 3 ml HCI, 1 ml HF). Extraction 
replicas were made from the surface 
sections of the 15-5 PH/HP 9-4-20 welds 

Table 1—Alloy Compositions*"' 

Element HP 9-4-20 PH 13-8 Mo 15-5 PH 

Cr 
Ni 
Mo 
Mn 
Nb 
Si 
Al 
V 
Cu 
Co 
C 
S 
P 

0.74 
9.09 
0.98 
0.30 
0.02 
0.11 
0.03 
0.10 
0.10 
4.56 
0.17 
0.007 
0.010 

12.74 
8.09 
2.09 
0.01 
0.02 
0.02 
1.00 
0.01 
0.04 
0.12 
0.05 
0.007 
0.011 

14.78 
4.51 
0.15 
0.61 
0.39 
0.54 
0.02 
0.06 
3.34 
0.13 
0.03 
0.001 
0.028 

<a>AII concentrations in weight percent; balance iron 
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Fig. 1 —Schematic diagram of weid test specimen. All dimensions in inches 

for study in the analytical electron micro
scope (AEM). Replicas were taken such 
that hot-cracked regions existed within 
the boundary of the replica, allowing for 
the examination of constituents associ
ated with the hot-cracks. Both a JEOL JEM 
100C AEM equipped with a side-entry 
Tracor Northern TN-2000 energy disper
sive spectrometer (EDS) and a JEOL JEM 
200 CX transmission electron microscope 
were used during this investigation. 

Results and Discussion 

Solidification Structure 

Figure 2 shows a representative speci
men after welding. Examination of the 
weld surface with a stereomicroscope 
revealed extensive hot-cracking in the 

15-5 PH/HP 9-4-20 welds, while the PH 
13-8 Mo/HP 9-4-20 welds appeared 
crack-free. Figures 3 and 4 are represen
tative photomicrographs of the weld sur
face and transverse sections of both alloy 
combinations investigated. 

An examination of the weld micro-
structure of these two alloy combinations 
at higher magnification (Figs. 5A and 5B) 
reveals that solidification occurred as sin
gle-phase austenite, with a characteristic 
dendrite diameter of <1 tim. No ferrite 
was observed in either of the weld metal 
microstructures. Suutala and Moisio (Ref. 
12) have developed a method for predic
ting the solidification mode in stainless 
steels based upon the ratio of the Cr 
equivalent (Creq) to the Ni equivalent 
(Nieq) for a given alloy. These equivalents 
are defined as follows: 

Fig. 2 — Representative test specimen after 
welding. Arrow denotes weld position 

Cr eq wt- C r + 1.37 wt-% Mo + 1.5 
wt-% Si + 2 wt-% Nb + 3 wt-% Ti 

Mieq = wt-% Ni + 0.31 wt-% Mn + 2: 
wt-% C + 14.2 wt-% N + wt-% Cu 

When the ratio of Creq to Nieq is less than 
1.5, primary austenite solidification will 
occur. When this ratio exceeds 1.5, solid
ification of primary delta ferrite will 
occur. 

In the present case, dissimilar metal 
welds are considered. Assuming 50% 
dilution for each combination, a resulting 
composition can be calculated, assuming 
no species loss during the welding opera
tion. Application of the criteria of Suutala 
and Moisio stated above can then be 
used to predict the solidification mode of 
the weld metal. The equivalent defini
tions given above do not include the 
elements Co and Al. The HP 9-4-20 con
tains 4.56 wt-% Co and the PH 13-8 Mo 
contains 1.00 wt-% Al. Hull (Ref. 13) has 
developed more extensive Cr and Ni 
equivalents for stainless steels, including 
both Co and Al. The Co acts as an 
austenite stabilizer, adding to the Ni 
equivalent, and has approximately the 
same weighting factor as Cu. For the 

Fig. 3-A — Top-surface view of weld between PH 13-8 Mo and HP 9-4-20; B • 
evidence of hot-cracking in either view 

• Transverse view of weld between PH 13-8 Mo and HP 9-4-20. Note no 
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nloio 
F/g. 4 - A - Top-surface view of weld between 15-5 PH and HP 9-4-20; B -
present in both views 

Transverse view of weld between 15-5 PH and HP 9-4-20. Note hot-cracks 

present calculations, therefore, Co is add
ed to the Nieq definition given above with 
a weighting factor of unity. The Al was 
included in Hull's Creq definition and giv
en a weighting factor of 2.48. In the 
present calculations, Al is also assigned a 
weighting factor of 2.48 and added to 
the Creq given above. The remainder of 
the alloying elements are present in such 
small quantities that their contributions to 
the equivalents is neglected. 

Both alloy combinations have Creq/ 
Nieq values much less than 1.5 (=s0.76 for 
the PH 13-8 Mo/HP 9-4-20 weld and 
«0.72 for the 15-5 PH/HP 9-4-20 weld). 
Both welds would be expected to solidify 
as austenite and the extremely low Creq/ 
Nieq values would imply no ferrite at all 
present in the microstructure, which is 
consistent with the observed microstruc
tures. Nitrogen contents were not includ
ed in these calculations, as none were 
available from the mill analyses. The 
effect of N would be to further lower the 
Cre q /Nie q value and as such would not 
affect the solidification mode prediction. 
Additionally, Suutala (Ref. 14) has also 
recently shown that the mode of solidifi
cation of austenitic stainless steels may be 
influenced by the rate of solidification. 
That is, alloys normally solidifying as pri
mary delta ferrite may be induced to 
solidify as primary austenite at faster rates 
of solidification. This observation again 
should have no effect on the solidifica
tion mode predicted above as an austen
itic mode is already predicted for both 
alloy combinations. 

Solid-State Transformation Structure 

Transformation of the primary austen
ite dendrites to martensite can also be 
observed in Figs. 5A and 5B as the plate
like structures crossing several dendrites 
within each prior austenite grain. Each of 
the alloys under investigation generally 

has a martensite start temperature, Ms, in 
excess of room temperature. The 15-5 
PH alloy has been reported to have a Ms 

temperature between 205°C (401 °F) 
(Ref. 15) and 120°C (248°F) (Ref. 16). The 
PH 13-8 Mo alloy has a Ms of =120°C 
(Refs. 15, 16). The HP 9-4-20 alloy has a 
M s of «310°C (590°F) (Ref. 1). Alloying 
element segregation during solidification 
does not appear to locally affect the 
martensite transformation in these weld 
metals. That is, the martensite platelets 
are continuous across both dendrite core 
and interdendritic regions. 

Electron Microscopy Studies 

Extraction replicas made from the 15-5 
PH/HP 9-4-20 welds were examined in 
the AEM and were found to contain NbC. 
Selected-area electron diffraction and 
energy dispersive spectroscopy were 
used to confirm the identity of the NbC. 
The diffraction patterns were consistent 
with a face-centered cubic (FCC) crystal 

structure having a lattice parameter of 
approximately 4.45 A. The NbC has an 
FCC crystal structure with a lattice param
eter of 4.47 A (Ref. 17). Figures 6 and 7 
are photomicrographs representative of 
the NbC found on these extractions. It 
was observed that the NbC existed along 
both hot-cracks and solidification grain 
boundaries. No sulfides or phosphides 
were found. 

Figure 8 is an EDS spectrum obtained 
from a NbC particle, and reveals the 
presence of small amounts of Cr, Fe and 
V. It is likely that the signal under the 
copper peak is due to the copper extrac
tion grid holder. The AEM/EDS data were 
reduced with a computer algorithm (Ref. 
18), by means of the Cliff-Lorimer (Ref. 
19) technique, to establish the metal spe
cies content of the NbC. In the analysis, 
the peak corresponding to Cu was 
neglected. These data are presented in 
Table 2. An absolute chemical composi
tion, based upon an ideal MC stoichiom
etry, was calculated and is also given in 

1 Op m 
Fig. 5'- Optical photomicrograph of fusion zone. A-PH 13-8 Mo/HP 9-4-20; B- 15-5 PH/HP 
9-4-20 welds. Note the cellular austenitic solidification structure present in both welds. Also note 
the martensitic structure (arrows) within the austenite grains 
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Fig. 6 — Extraction replica photomicrograph of 
NbC along a solidification grain boundary tak
en from a 15-5 PH/HP 9-4-20 weld 

Fig. 7 —High magnification extraction replica 
photomicrograph of NbC found in a 15-5 
PH/HP 9-4-20 weld. Note the dendritic mor
phology of this phase 

Table 2. 
The dendri t ic morpho logy of the N b C 

particles is ev idence of the occurrence of 
a eutect ic react ion at terminal sites of 
solidif ication. This N b C morpho logy is 
similar t o that observed by O g a w a and 
Tsunetomi (Ref. 20) for the same phase 
along hot-cracks in b o t h the fusion zone 
and heat-af fected zone in N b - d o p e d 310 
stainless steel. The same authors repor ted 
that the eutect ic react ion (L —• 7 + NbC), 
wh ich terminated solidif ication in the 
stainless steels they invest igated, w o u l d 
occur at « 1 3 1 5 ° C (2399°F). They con 
c luded that this react ion was responsible 
for the increased hot-cracking sensitivity 
in the alloys they studied. Ritter (Ref. 9) 
observed a Nb(C,N)-containing const i tu
ent along hot-cracks in w e l d metal of 
Nitronic 50 wh i ch conta ined =»0.2 w t - % 
Nb , and at t r ibuted the higher hot-crack
ing susceptibility of this alloy relative t o 
similar Nb- f ree alloys t o the fo rmat ion o f 
this const i tuent. The morpho logy o f the 

. CA v c « e 

UL 
ENERGY (KeV) 

Fig. 8 - Representative EDS spectrum taken 
from NbC extracted from a 15-5 PH/HP 9-4-20 
weld 

Nb(C,N) observed by Ritter (Ref. 9) is 
identical t o that observed fo r N b C in the 
present w o r k . 

Summary 

The hot-cracking mechanism in the 
15-5 PH/HP 9-4-20 laser beam welds 
studied dur ing this investigation is at t r ib
u ted to the fo rmat ion o f a NbC-austeni te 
eutectic const i tuent. It is highly likely that 
the lack o f hot-cracking in the PH 13-8 
M o / H P 9-4-20 welds is the result of the 
absence of n iob ium in the PH 13-8 M o 
alloy. The present results ex tend the ear
lier observat ions of Brooks and Garrison 
(Ref. 7) by unambiguously identi fying the 
consti tuent responsible fo r fusion zone 
hot-cracking and by establishing this hot -
cracking mechanism in dissimilar metal 
welds. 

Conclusions 

1. From a hot-cracking standpoint , PH 
13-8 M o stainless steel is superior t o 15-5 
PH stainless steel for autogenous CO2 
laser beam weld ing to HP 9-4-20 steel. 

2. Hot-cracking in 15-5 PH/HP 9-4-20 
laser beam we lds is caused by the f o rma
t ion o f a NbC/aus ten i te eutectic const i tu
ent dur ing the terminal stages of we ld 
solidif ication. 
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