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ABSTRACT 

In this report, literature related to the low heat input welding of nickel aluminum 
bronze is examined. This includes data on phases present, composition effects, phase 
diagrams, transformation kinetics, and the nature of martensites. Relevant data on 
microstructure development in castings, wrought materials, conventional welds and low 
heat input welds is considered. So is related work on the examination of melt spun 
ribbons and Gleeble studies. Available data show that a martensite with a 9-R structure is 
common in low heat input nickel aluminum bronze welds over a range of compositions. 
Other structures are expected at other compositions. Data also show that for at least one 
alloy composition, formation of Widmanstatten a can be suppressed with a high enough 
cooling rate (Atgoo-soo of 1.6 seconds or faster). As well, data show that tempering of 
martensites in weld heat affected zones probably does not occur at temperatures of less 
than roughly 400 °C. The review shows that experiments to obtain data on ordering, 
metastable reactions, precipitation and tempering are needed. Also needed are 
experiments to understand the effect of composition and heat input on microstructure. 

RESUME 

Le present rapport passe en revue la documentation sur le soudage du bronze au 
nickel-aluminium avec faible apport de chaleur: phases en presence, effets des 
compositions, diagrammes de phase, cinetique de la transformation et nature des 
martensites. Sont examinees des donnees pertinentes sur revolution des microstructures 
dans les pieces coulees, les materiaux forges, les soudures classiques et les soudures avec 
faible apport de chaleur, ainsi que des etudes connexes sur les rubans centrifuges a chaud 
et les Gleeble. Les donnees disponibles indiquent qu'une martensite a structure 9-R est 
souvent presente dans une gamme de compositions de soudures en bronze au nickel- 
aluminium avec faible apport de chaleur. D'autres structures sont prevues dans d'autres 
compositions. Les donnees revelent aussi que, pour au moins une composition d'alliage, il 
est possible d'empecher la formation de Widmanstatten a a une vitesse de refroidissement 
assez elevee (Atgoo-soo de 1,6 s ou moins), quoique cela soit peu probable dans des alliages 
pauvres en aluminium. Elles revelent egalement que le revenu des martensites dans les 
zones aflfectees par la chaleur ne se produit probablement pas a des temperatures 
inferieures a quelque 400 °C. Les donnees sur le classement, les reactions metastables, la 
precipitation et le revenu s'averent incompletes, et I'effet de la composition et de I'apport 
de chaleur sur la microstructure est meconnu. 
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EXECUTIVE SUMMARY 

Introduction: There is a lieed to make high value components of ships and submarines 
last longer and perform better. In many cases, this can be done by treating or changing 
surfaces to make them more resistant to wear, corrosion and fatigue initiation. For 
example, laser surface melting and cladding of nickel aluminum bronze, an alloy used in 
warship and submarine propellers, combat systems equipment and seawater handling 
systems, gives up to an order of magnitude improvement in such surface properties. 
There is good reason to believe even larger improvements are possible by designing 
special purpose consumable alloys optimized for the high cooling rates associated with 
these processes. Applying these processes in engineering practice requires development of 
special equipment and procedures, development and application of evaluation methods to 
assess properties and microstructures, and the development of optimum alloy 
compositions. One aspect of assessing microstructures and developing optimum alloy 
compositions is reviewing available literature. 

Principal Results: In this report, literature related to the development of microstructures 
during low heat input welding of nickel aluminum bronze is examined. This includes data 
on phases present, composition effects, phase diagrams, and transformation kinetics. 
Relevant data on microstructural development in castings, wrought materials, 
conventional welds and low heat input welds is considered. So is related work on the 
examination of melt spun ribbons and Gleeble simulation studies. Available data show that 
a martensite with a 9-R structure is common in low heat input nickel aluminum bronze 
welds over a range of compositions. Other structures are expected at other compositions. 
Data show that for at least one alloy composition, formation of Widmanstatten a can be 
suppressed with a high enough cooling rate (Atgoo-soo of 1.6 seconds or faster). Data also 
show that tempering of martensites in weld heat affected zones probably does not occur at 
temperatures of less than roughly 400 °C. The review shows that experiments to obtain 
data on ordering, metastable reactions, precipitation and tempering are needed. Also 
needed are experiments to understand the effect of composition and heat input on 
microstructure. 

Significance of Results: Low heat welding processes such as laser cladding, are 
promising methods both for repairing and for surface engineering high value components 
of Canadian Navy ships. As a repair procedure, low heat input welding offers a means to 
repair components which cannot now be repaired.  As a surface engineering method, low 
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heat input weld cladding can give order of magnitude improvements in surface properties. 
These property improvements will give improved component life and performance. The 
work summarized in this review will allow low heat input welding experiments with 
conventional nickel aluminum bronze consumables to be better interpreted. It also shows 
how an optimized low heat input weld deposit might be produced. Possibilities include 
control of deposit composition and welding heat input to regulate relative amounts of 
martensite and Widmanstatten a in the microstructure and to optimize precipitate type 

and distribution. 

Future Work: Work on the effect of heat input and composition on the microstructure 
and properties of the nickel aluminum bronze weld deposits is in progress. At this writing, 
twenty-seven alloy compositions, each treated with ten different heat inputs are bemg 
investigated at the Defence Research Establisment Atlantic. We have already 
demonstrated that complex parts can be clad. Within three years, we will develop one or 
more optimized alloy compositions for low heat input welding and characterize them well 
enough so that they can be used with confidence. 

IV 
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1.0 INTRODUCTION 

In the past few years there have been a number of articles pubUshed about the laser 
surface melting and cladding of nickel aluminum bronzes and related alloys [1-17]. 
These bronzes have good weldability and because of their multicomponent nature benefit 
from the homogenization and grain refinement associated with the rapid solidification 
rates of these processes. Further, upon cooling, these bronzes undergo a phase 
transformation from high temperature p phase to low temperature a phase. With the 
rapid post solidification cooling rates associated with these processes, a martensitic or 
Widmanstatten transformation occurs, along with the precipitation of ordered particles. 
Significant hardening occurs as a result of these transformations. As well, significant 
improvements in wear [15], corrosion, cavitation and erosion behavior have been 
reported [7-10,13,14]. 

There is good reason to be interested in these results. As castings and wrought products, 
these alloys see engineering use in a wide range of applications including valves, 
impellers, propellers, machinery parts, wear or bearing strips, forming tools, bearings, 
specialized tooling, marine fittings and a number of other applications [18-21]. Deposits 
of these alloys by conventional welding are used for the repair and reclamation of 
components made from a range of copper alloys and from other materials, including 
steels and cast irons. Nickel aluminum bronze is also deposited by spray deposition 
methods for repair and reclamation, for use as a porous bearing surface and for use as an 
interlayer prior to the deposition of other materials [21]. 

The material is used in this wide range of applications because of its excellent combined 
mechanical, corrosion, wear and fabrication properties. Propellers for large ships are an 
excellent example. Applicable standards permit higher stresses on these alloys than on 
any other common propeller casting alloy [19, 22] This is a result of the good toughness, 
corrosion fatigue resistance, and stress corrosion resistance of nickel aluminum bronzes. 

One well known problem with the alloys in certain environments is de-alloying. Though 
more resistant to this than most other high strength copper alloys, nickel aluminum 
bronzes are somewhat susceptible. Problems with dealuminification have caused concern 
and led to a number of changes in practice [23-26]. The problem occurs in valves in 
seawater systems, especially those which see stagnant conditions, receive little deliberate 
or incidental cathodic protection, may be coupled to more noble monel or titanium pipes, 
may have been weld repaired and which have crevices as a result of design or deposits. 
Such castings are used with the knowledge that corrosion will occur. So long as this 
corrosion is pitting or impingement attack, nondestructive inspection can be used to 
identify problems before they become critical. Dealuminification, whether at a crevice or 
adjacent to a weld heat affected zone is more of a concern because low strength porous 
copper is redeposited on the affected surface, precluding nondestructive assessment of the 
depth of attack with acceptable confidence. Rates of attack of 0.25 mm/year at crevices 
in as cast material and of 1 mm/year in or adjacent to weld heat affected zones have been 



reported [26]. Fundamental understanding of both general dealloying and dealloying in 
aluminum bronzes is still not adequate [27]. Examination of dealloying on a large 
number of valves suggests a number of variables play a role. In many cases, a mechanism 
involving an initial transient period, followed by the dissolution of intermetallic lamellae 
in the eutectoid regions at a more rapid rate than the surrounding a matrix is thought to 
be active in at least a majority of cases [23]. While heat treatments have been partly 
successful in eliminating dealuminification, the problems may still occur in very large 
castings, which have coarse eutectoid structures and in castings which have insufficient 
Ni [24]. It has been suggested that residual stress plays a role in the preferential attack 
near weld heat affected zones [24]. Attack of weld metal does not seem to be serious, 
provided a matching filler metal is selected. 

To apply low heat input welding methods to nickel aluminum bronzes, it is necessary to 
develop the processes, characterize the resulting microstructures and properties and 
develop alloys which take advantage of the thermal cycles associated with low heat input 
methods. A difficulty with characterizingmicrostructures and developing new alloys is a 
lack of understanding of microstructural development in low heat input welding. This 
review summarizes all available data relevant to this. 

2.0 COMPOSITION RANGE OF NICKEL ALUMINUM BRONZES 

A number of different copper alloys are commonly called nickel aluminum bronze. A list 
of some of the standards which define these alloys is given in Table 1 [18, 24]..In nickel 
aluminum bronzes the major alloying element are aluminum from 8 to 13 %, nickel from 
3 to 5 %, iron from 3 to 5 %, and manganese from 0 to 3 %. Minor elements such as tin 
and zinc (both <0.2 %) and Si (< 1.0 %) are also present in these alloys. Other elements 
have been added in experimental bronze alloys to give age hardening (antimony, arsenic, 
cadmium, chromium, indium, phosphorous, tin, titanium, vanadium and zirconium) and 
resistance to stress corrosion (cadmium, arsenic and zirconium) [21]. Some workers have 
proposed formulas to relate properties to an equivalent Al+Mn/X, with the X varying 
from 4 to 8 [30]. A similar formulation has not been given for hardenability 
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3.0 COMPOSITION, MORPHOLOGY AND CRYSTALLOGRAPHY OF PHASES 
IN NICKEL ALUMINUM BRONZE 

Table 2. Phases in Nickel Aluminum Bronze castings and wrought products. 

Designation Description Ciystallographic Structure Ref 

a Copper rich solid solution fee                      Al 31 

P High temperature solid 
solution 

bee                     A2 31 

Ki Cored iron rich particles Several structures including 
iron rich bcc, FesAlCDOa) and 

FeAl(B2) 

32,33 

Kii Iron rich particles (Fe3Al) BiF3                 DO3 31 

Km Nickel rich 

(NiAl) 

CSCl                 B2 31 

Kiv Fine iron rich particles 
(FejAl) 

BiFj                   DO3 31 

^2 
Intermetallic compound of 
wide solubilitj' range. May 

not form in nickel aluminum 
bronze. 
Cu,Al 

y brass                D83 31 

Particles in 
retained n 

NiAl type CsCl                   B2 32 

The phases found in nickel aluminum bronze castings and wrought products are listed in 
Table 2, along with their crystal structures. Table 3 gives data on compositions of these 
phases determined on a number of alloys. All used alloys of approximate composition Cu- 
9.1±0.4A1, 4.4-4.9Ni, 4.4-5.3 Fe, 0.9-1.2 Mn and less than 1 Si. Figure 1 shows a typical 
cast microstructure and Fig. 2 shows a sketched microstructure which shows the phase 
relationships of the alloy. The microstructures shown in Fig. 3 are transformation 
products of the high temperature p phase, which has a bcc crystal structure without 
chemical order. The low temperature solid solution (a) may occur in a number of 
morphologies including the single phase and coupled eutectoid regions shown in Fig. 1 
and grain boundary and Widmanstatten a forms analogous to those in steels[34]. There is 
data from a number of workers which shows that on rapid cooling, in binary nickel 
aluminum bronzes, a platelets form from P by a bainitic (shear plus diffusion) mechanism. 
The transformation product thus produced is characterized by a Widmanstatten 
morphology, supersaturation of aluminum, relief due to shear processes and stacking 
faults [31]. In general, this transformation product forms along with martensite, the p 
which remains to transform to martensite being enriched somewhat in aluminum. Bainitic 
plates become finer with increasing aluminum in binary alloys [31].    Identification of 



bainitic transformations in more complex alloys, such as the nickel aluminum bronzes, is 
more difficult because of the complications of competing precipitation reactions [31]. 

Table 3. Compositions of particles in nickel aluminum bronze castings and wrought 
products. 

Phase Cu Al Fe Ni Mn Si Ref. 

72 85.4 
85.8 

8±2 
7.2±0.4 

2.7±2 
2.8±0.3 

2.5±1.4 
3.0±0.2 

1.2±0.3 
l.liO.l <0.1 

32 
33 

Kl 15±5 
9.5 

13±5 
10±1.3 

55±7 
72±14 

15±3 
3.5±.4 

2±0.4 
2.9±0.5 1.6±0.4 

32 
33 

Kn 19 
12.1±3 

19 
12.3±1.3 

32±3 
61.3±4.9 

27±5 
8.0±1.8 

2 
2±4 4.1±.8 

32 
33 

Km 26±4 
17±5 

20±4 
26.7±1 

30±3 
12.8±1.6 

32±2 
41.3±6 

1.8±0.4 
2.0±0.4 <0.1 

32 
33 

Kiv 14±5 
2.6±7 

15±5 
10.5±1.7 

62±6 
73±2 

10±5 
7.3±1.5 

1.3±0.4 
2.4±0.2 4.0±1.5 

32 
33 

Retained 85 8.7 1.6 3.5 1.0 32 

T'2 
72-76 
"80 

14-18 
~17.5 "1 

3.5-6 in Cu-Al-Ni 
31 
in Cu-Al-Fe 
31 

Particles in 
retained n 

20±4 28±1 14.0±6.0 35±9 2.2±0.3 0.4±03 37 
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Fig. 1.  Microstructure of two cast nickel aluminum bronzes, a. Cu-8.7A1, 4.4 Fe, 4.8 Ni, 
1.4 Mn. b. Cu-8.2 Al, 8.4 Fe, 4.15 Ni, .98 Mn.) 

D   a 
P°^Y, 

K] Fe rich, primary precipitate from melt 

Kj Fe rich, precipitate from p -phase. 

Kji Ni rich, part of eutectoid structure a+K^ 

1^ Fe rich, globular precipitate from a 

Kjz Fe rich, lath precipitate from ot 

Fig. 2. Schematic of phases in nickel aluminum bronze, from Ref. 31. 



Fig. 3.  Martensite (dark) and Widmanstatten, intercritical and grain boundary a  (white) 
in an alloy laser clad with a heat input of 800 J/ cm. 

Characterization and categorization of the kappa phases in nickel aluminum bronzes was 
for some time a controversial topic. The four kappa particles listed in Tables 2 and 3 are 
identified with a scheme based on morphology proposed by Brezina^ [31]. A paper by 
Hasan, Jahanafrooz, Lorimar and Ridley [33], reconciles data on thermodynamics, 
diffraction and microanalysis studies. They show that the KH and KIV particles are the 
same phase, albeit with slightly different composition, probably because they form at 
different temperatures, from a matrix of different composition. They show that the KH and 
Km phases are probably different phases. This refutes earlier work by Thompson and 
Edwards [36], which suggested they were different composition extremes of the same 
phase. The KI particles, which form only in iron rich materials, are cored and in regions of 
different composition have different structures, as shown in Table 3^. Tempering of cast 
nickel-aluminum bronze at about 675 °C produces a large number of precipitates with a 
NiAl structure, either in the a matrix or on pre-existing particles of FesAl type [37]. 
These are probably the particles which Culpan and Rose [32] designated KV, though they 
are the same phase as kappa Km, and the KV designation is rarely used. Orientation 
relationships for these particles are given in Ref 37. Unidentified ordered particles have 
been reported in weld metal of laser welds [5,6]. 

^ Often this scheme is ascribed to Weil-Couly and Armaund [35 ]. However, their paper attributes this to 
Brezina's unpublished thesis. 
2 It is significant to note that in ternary Cu-Al -Fe alloys richer in iron than 5 %, iron rich primary 
dendrites of unidentified structure do form. It is likely that at least part of the KJ particles also form this 
way [31]. 



The Y2 (also called 6) phase is well known in binary copper aluminum alloys. In these 
alloys, when present, especially as a eutectoid, it gives poor corrosion resistance and 
degraded mechanical properties. It has long been reported that an optically unresolvable 
Y2 eutectoid phase is present in the retained P regions of castings, and welds, particularly 
those with high aluminum, and subjected to slow cooling [38]. However to date, a truly 
convincing study to show this has not been reported. In all reported work, identification 
of the Y2 phase has been by optical methods. It is likely that in at least some cases the 
regions identified as 72 were in fact 72. In the only comprehensive study in which 
transmission electron microscopy and diffraction were used, Hasan, Jahanafrooz, Lorimar 
and Ridley have shown that the retained p phase in two different castings is a martensite 
containing precipitates of the same structure as the Km phase [33]. 

There is limited data on the nature of martensites in nickel aluminum bronzes. A region of 
retained P studied by Hasan, Jahanafrooz, Lorimar and Ridley [33] was shown by them to 
be a 3R (ABABAB) or 2H (ABCABCABC) type^ martensite. Hansan, Lorimar and 
Ridley [39] examined a martensite from a weld which gave selected area diffraction 
patterns consistent with a 9R structure. Liu and coworkers [16,17] examined martensite 
in a laser deposited nickel aluminum bronze and found it to be a close packed structure, 
with what was predominately a 9 layer stacking mode(9R) (ABCBCACAB), with 
occasional local presence of an 11 layer stacking mode (ABCBCACABAB). Long range 
chemical ordering in the martensites was not detected by Liu and coworkers. Martensites 
without chemical long range order are found in binary aluminum bronzes with between 8 
and 11% Al. Between 11 and 13 % Al, in binary alloys, the martensite is the long range 
ordered 18R variant [40]. It is relevant to note in this discussion that: the retained 
martensite discussed by Hansen Jahanafrooz, Lorimar and Ridley was lean in nickel, iron 
and aluminum relative to the alloys average composition [33]; the martensite characterized 
by Liu and co-workers formed in an alloy (9.8 Al, 2.2 Fe, 5.3 Ni) lean in iron [16,17]; and 
that CCT curves presented by Brezina [31], as well as TTT curves for a number of nickel 
aluminum bronzes suggest the ordering of the p phase occurs before the martensite start 
temperature. This is significant for two reasons. First, it suggests that martensites in 
some alloys may have an ordered structure. Second, 18R martensites which form from an 
ordered bcc parent, are usually thermoelastic, that is they undergo a reverse martensite to 
parent transformation [39]. The high density of precipitates reported in some nickel 
aluminum bronze martensites could well impede such a transformation. However, the 
possibility of the occurrence of such a transformation has implications for alloy design and 
for the tempering behavior of nickel aluminum bronze martensites. Brezina [31] suggests 
the retransformation behavior occurs in at least some nickel and iron rich aluminum 
bronzes. 

3 This terminology describes the stacking sequence of the {110} planes of the martensite parent in the 
martensite. These stacking sequences are shown in brackets in the main text. Martensites of type 3R and 
2H contain internal twinning and those of 9R and 18R contain internal faulting [34, 39 and references 
therein]. 



4.0 PHASE DIAGRAMS 

Before considering data on nickel aluminum bronzes, it is instructive to consider data on 
simpler alloys. A binary copper aluminum phase diagram is shown in Fig. 4. Binary 
aluminum bronzes are classified into non-heat treatable a aluminum bronzes containing 
between 5 and 8 % Al and complex, heat treatable aluminum bronzes containing more 
than 8 % Al. A martensitic transformation is possible only in alloys richer in aluminum 
than 8 %. The type of martensite which forms is dependent on aluminum content. 
Between 8 and 11 % Al an ordering reaction prior to the formation of martensite does not 
occur and the martensite which forms is denoted P'. Between 11 and 13 wt % Al, 
ordering to Pi occurs before the martensite transformation and an ordered martensite (Pi') 
forms. In alloys containing between 13 and 15 wt % Al, the Pi structure decomposes to 
Y', an internally twinned orthorhombic martensite [40]. On slow cooling, the development 
of microstructures in complex aluminum bronzes occurs by a eutectoid reaction which 
produces an a plus 72 coupled eutectoid structure, which gives poor mechanical and 
corrosion performance. 

ATOMIC % ALUMINUM 
20 30 40 

1000- 

O 
o 

Hi 
OH 

<700 
UJ a. 
UJ 

400 \    11,2° 
\/    363° 

I   A I I 
8 12 16 20 

WEIGHT % ALUMINUM 
24 28 

Figure 4. Copper Aluminum Phase Diagram. 



Some relevant ternary sections are shown in Fig. 5. They provide little additional insight, 
except to show that in copper aluminum iron alloys the liquidus temperature is quite high. 
This suggests that in iron rich nickel aluminum bronze alloys, at least part of the KI 

particles form from the melt. Additional ternary data, including ternary liquidus surfaces 
are given in Ref 41. They provide additional support for the conclusions of Hasan and 
co-workers [33], that the Km particles are a different phase than the KH and KIV phases. 

(a) (b) 
1200 

o 
o 1000 

LLI 
a: 
3 
H 
< 800 
a: 
UJ 
Q. 
S 
LU 
h- 600 

400 

a+6pe+Y2 
__i  

a+NiAl a + NiAi+y, 

8 12 16 12 164 8 
WEIGHT % ALUMINUM 

Figure 5. Ternary phase diagram sections from Ref 31. a. Cu-Al, 5% Fe. b. Cu-Al, 6 % 

Ni. 

Phase diagrams, actually pseudo-binary sections of phase diagrams, for nickel aluminum 
bronzes have been examined by a number of workers [31,38,42,43,44]. Most have used 
metallographic techniques only and, though generally aware that there are differences in 
kappa particle morphology and composition, have made no attempt to display this 
information on the diagram. The excellent paper by Cook, Fentiman and Davis[38]) 
provides insight into both constitution and tempering behavior of alloys following solid 
state quenching. Their diagrams are shown in Fig. 6. They examined alloys which 
contained from 8-12% Al, and 4-6% each of nickel and iron. Their quenching 
experiments were done from a maximum temperature of 1000 °C. Because this is about 
40 degrees less than the solidus temperature, no insight into solidification behavior is 
provided. They note that for these alloys, except for the presence of the kappa phases and 
a shift in the position of the eutectoid, vertical sections of the nickel aluminum bronze 
phase diagram are generally similar to the aluminum bronze phase diagram [Fig. 4], taking 
into account consumption of aluminum during the formation of the kappa particles. 
Kanamori, Ueda and Matsuo show a vertical section of a Cu-Ni-Al-Fe phase diagram for 
an alloy containing 5 Ni and 5.5 Fe for temperatures less than 1020 °C [43].   It shows 
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reasonable agreement with the work of Cook and coworkers [38], except in the region 
between 8 and 12 % Al and 900 to 1000 °C. Brezina [31] shows a vertical section at 5 Ni 
5 Fe, Fig. 7, which reasonably agrees with Cook and coworkers [38] and Kanamora and 
coworkers data [43], except in the region from 8 to 12 % Al and 900 to 1000 °C, where it 
differs from both. Because Brezina [31] has investigated seven distinct alloy compositions 
in the range of disagreement, compared with 5 for Kanamora and coworkers [43], and 
four for Cook and coworkers [38], and because Brezina [31,42] has used both 
metallographic and thermal analysis methods, while other workers have used only 
metallography, his diagram seems most suited for future discussions, provided nickel and 
iron compositions are close to those he describes. As shown in Fig. 7, Brezina's data 
extends to the liquid state. 

The phase diagrams for the binary copper-aluminum system and for the more complex 
ternary, quaternary or higher systems show neither order start and finish temperatures nor 
martensite start and finish temperatures. However, for specific compositions there is data 
on both on continuous cooling transformation (CCT) curves and (time temperature 
transformation) TTT curves [31,45]. This data is discussed in the next section. 
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Fig. 6. Vertical section of Cu-Al-Fe-Ni equilibrium diagrams from Cook and coworkers 
[38]. 

11 



1200 r^ 

8 10 12        14 
ALUMINUM (5Fe5Ni) 

16 18 

Fig. 7. Vertical section of Cu-Al, 5 Ni 5 Fe equilibrium diagram from Brezina [31]. The 
unbroken lines are Brezina's data, the short dashed line are from Cook and coworkers 
data frjr a similar composition [38], and the long dashed lines are from Rhininsland and 
Wachtels data ft)r a 3.2 Ni, 4.8 Fe alloy [44]. 

5.0. KINETICS OF PHASE TRANSFORMATIONS 

Data on the kinetics of phase transformations in nickel aluminum bronzes is somewhat 
limited. Phase transformations on both cooling and tempering are relevant. Brezina 
summarizes continuous cooling data for several nickel aluminum bronze compositions 
[31]. These are summarized in Fig. 8. The curves are incomplete and in most cases, the 
noses are missing. Time temperature transformation curves for a number of aluminum 
bronzes are given in the Atlas of Time Temperature Transformation curves [45]. The only 
data which can be compared with Brezina's work is a TTT curve for a Cu-Al-Fe alloy; this 
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agrees fairly well considering Brezina's [31] curves are for continuous cooling and the 
other data is from isothermal experiments. From Brezina's work, the martensite start 
temperature is about 200 °C. Brezina's [31] curves show an ordering reaction (3 to pi 
occurs at about 400 °C, prior to the martensite transformation, in nickel aluminum bronzes 
containing 9 to 12 wt % Al. It is relevant to note that, the CTT curves of Brezina are for 
a solid state transformation, and that the composition of the fraction of the microstructure 
which transforms to martensite may be somewhat different than the bulk composition, 
depending on cooling rate. For example. Moon and Garwood [46] have shown that 
segregation can lead to different ordering peaks in thermal analysis of binary Cu-Al 
bronzes of a variety of compositions. Brezina also summarizes a number of significant 
experimental difficulties with the determination of such curves. Still, Brezina's curves are 
the only presently available source of time-temperature cooling data. More generally, data 
on TTT curves for binary aluminum bronzes suggests that if the ordering reaction is 
suppressed the martensite start temperature will be depressed [45]. A differential scanning 
calorimetry study, by Eucken and coworkers [47], on melt spun ribbons of Cu-12.8 Al, 
3.3 Ni suggests this occurs. It shows that as the ribbon cooling rate goes up the martensite 
start and finish temperatures go down, as do the reverse transformation temperatures, 
martensite to high temperature P phase start and finish. The temperature shifts over wide 
ranges of cooling rates, are between 10 and 40 °C. Moon and Garwood have shown that 
for several Aluminum bronzes, suppression of the P to Pi ordering reaction does not occur 
at quenching rates as high as 2000 °C [46]. This is substantially lower than cooling rates 
likely in the melt spun ribbons, but may approach or even exceed that seen in laser 
cladding. 

Data on tempering of martensites and other P decomposition products is limited. 
Examination of tempering transformation curves for binary and ternary aluminum bronze 
alloys, shows significant breakdown of the martensitic structure to a does not occur until 
above 375 °C [31,45]. It is relevant to note from Brezina's continuous cooling 
transformation diagrams that this is the temperature regime where Widmanstatten a 
forms. It is also relevant to note that for binary alloys, the reverse transformation occurs 
at a temperature above the temperature at which formation of a occurs on tempering. 
Data on tempering of aluminum bronze shows that retransformation behavior occurs in 
competition with growth of other phases at some temperatures [48]. It also suggests that 
in at least some alloys under some conditions, needle-like precipitates of a form within 
martensite grains after martensite start, and that these needles subsequently coarsen [49]. 
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6.0 MICROSTRUCTURAL DEVELOPMENT IN CASTINGS, WROUGHT 
MATERIALS AND HIGH HEAT INPUT WELDS 

6.1 Castings 

The development of cast microstructures in these alloys has been studied extensively 
[for example Refs. 24,33}. Briefly, solidification occurs by nucleation and growth, from 
the meh, of the high temperature P phase. In iron rich alloys, part of the KI particle forms 
fi-om the melt prior to P phase precipitation. During post solidification cooling, the high 
temperature P phase transforms to a face centered cubic solid solution designated a, 
several intermetallic phases, and regions which have traditionally been called retained p 
(either some type of martensite or, possibly, a metastable a plus YJ eutectoid product, as 

discussed in Section 4). Regardless of the precise form of the retained P transformation 
products, the regions where these P transformation products form are generally the last 
area of as-cast P to transform. Partitioning of alloying elements during eariier 
transformations leaves these regions with a different composition than the surrounding 
material [33]. Heat treatment of nickel aluminum bronze castings is sometimes done to 
eliminate these regions and to break up the continuous eutectoid regions. From the 
perspective of low heat input welding, what is significant is that regions of different 
composition, may give different local heat affected zone and fijsion zone compositions, 
and thus different local behavior. These effects are expected to be different in castings of 
different composition, for example the presence or absence of KI is determined by 
composition, and by different thermal history. 

6.2 Wrought Products 

Cook, Fentiman and Davis [38], Macken and Smith [21], and others [5,6,50,51] have 
discussed development of microstructures in hot rolled and hot rolled and annealed plates 
of various composition. In general microstructures consist of fine kappa and a with 
distorted kappa rosettes in the as hot rolled condition. Banding, analogous to that in 
rolled carbon manganese steel commonly occurred. Significant variations in hardenability 
were reported to occur across this banding. 

6.3 Conventional Welds 

Nickel aluminum bronze is a weldable alloy. There is a significant amount of practical 
information on welding of this alloy [18,21,28,29,52-56]. In conventional arc welding 
microstructural development in nickel aluminum bronze is complex and depends strongly 
on composition, heat input, and welding sequence (as it affects transformations caused by 
reheating). As deposited, weld meta! is usually reported to be Widmanstatten a in a 
matrix of dark etching retained P phase [for example 52,53]. The nature of the retained P 
phase is often not described, or at least not completely characterized. Instead, usually 
implicitly, the approach has been that described by Breznia [31] in which the nature of the 
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transformation products from the high temperature phase are identified as p*, without 
describing them precisely. 

Regardless of the microstructure of the as deposited material, reheating by subsequent 
passes tempers the reheated (interpass heat affected) zones. The products of this 
tempering may include eutectoidal mixtures of a and Km, and 72, as well as isolated a and 
intermetallic compounds of various compositions. Post weld heat treatment modifies 
structure as well. 

7.0. MICROSTRUCTURAL DEVELOPMENT IN LOW HEAT INPUT 
WELDING 

There is limited information, produced by four groups [5,6,16,17,39,57], related to the 
development of microstructures in low heat input welding of nickel aluminum bronze. 
Hansan and coworkers [39] investigated the heat affected zone produced by electron beam 
welding of a Cu-lOAl, 5%Ni, 5%Fe cast alloy. The heat input was about 1300 J/cm. The 
size of the heat affected zone, from fusion line to unaffected base material was about 300 
|xm. They reported that, within the heat affected zone: 

(i) the dark etching eutectoidal phase was replaced with dark etching zones 
which were featureless when examined with optical microscopy, the KJV 

particles changed from being round to elongated, and the dendritic KH 

particles became rounded; 

(ii) the dark etching regions were a martensite which gave selected area 
diffraction patterns consistent with a 9-R structure containing partially 
dissolved KH particles, the elongated KIV particles were either a core of KIV 

with the original FcsAl structure surrounded by a martensite (which gave 
selected area diffraction patterns consistent with a twinned 9R structure), 
or entirely martensite, depending on prior size and distance from the fusion 
line; and 

(iii) the volume fraction of dark etching martensite phase dropped with 
distance from the fusion zone, as did the spherodization of the KH particles. 

It is significant that martensites in the low heat input welds are substantially different from 
those observed in the cast structures and associated with poor dealloying resistance. 
Brezina summarizes data which suggests that low aluminum martensites are more resistant 
to dealloying than high aluminum martensites and that as P decomposition products 
become finer, the resistance to dealloying goes up [31]. 

Bell [5] and Pertrolonis [6] and coworkers [50,51], examined microstructural 
development in both wrought and cast nickel aluminum bronzes at heat inputs in 
autogenous laser welding from 2 to 13.8 kJ/cm. The resuhs of their transmission electron 
microscope studies on microstructural characterization were in substantial agreement with 
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those of Hasan and coworkers [39]. They noted that there was a transition from a 
columnar to an equiaxed structure within the weld deposit as the weld centerline was 
approached. They also noted that base metal microstructure, whether wrought or cast, 
had a strong effect on the structure of the heat affected zone. In the cast material, a 
mixture of martensite and Widmanstatten a was observed within the heat affected zone. 
In the wrought material, the prior banded structure produced a heat affected zone with 
alternating bands of a and martensite. 

Liu and coworkers [16,17] characterized a deposit produced by laser cladding aluminum 
bronze powder containing 9.79 Al 2.19 Fe, 5.27 Ni onto an aluminum-sihcon alloy casting 
alloy. A heat input of 2.8 kJ/cm was used and analysis revealed dilution to be minimal. 
They examined the morphologies of the weld deposits including martensites and 
precipitates and examined the tempering behavior of the alloy with microscopy and 
differential thermal analysis. They reported two martensites were present in the weld 
deposit, and called them, based on their morphology, sheet and lath martensites. The 
sheet martensite was determined to be a close packed structure, with what was 
predominately a 9 layer stacking mode (ABCBCACAB), with occasional local presence of 
an 11 layer stacking mode (ABCBCACABAB). The lath martensite was identified to 
have an FCC structure and was shown to contain a high density of stacking faults. 
Chemical ordering in the martensites was not detected. Precipitates were reported in the 
sheet martensite phase. They were spherical, but, upon heat treatment at 673 °K for 4 
hours became rod like. Differential thermal analysis showed significant precipitate growth 
occurred between 523°K and 723°K. Microscopy revealed there was little change in 
stacking fault or dislocations on tempering at 673 °K. 

It appears that what Liu and coworkers [16,17] call lath martensite is in fact the a phases 
referred to by other authors as Widmanstatten a. Liu and coworkers do not present 
evidence to show that the so called lath martensite phase actually forms by a diffusionless 
process. A naming convention and more understanding are needed here. 

Hyatt and coworkers [1-3] studied laser surface melting and cladding of nickel aluminum 
bronzes using heat inputs from 10 to 6000 J/cm and a range of alloys. The 
microstructures produced in this work depended on processing method and conditions, 
and on material composition. At the lowest heat inputs, below 425 J/cm, for alloys 
containing more than about 9 % Al, deposits were largely martensite. As heat input 
increased, first grain boundary, and then Widmanstatten a, at about 600 J/cm, formed in 
the deposit as well. Also with increasing heat input; the amount of grain boundary and 
Widmanstatten a in the reheated or interpasss heat affected zone increased. 

In work to be published soon, Bennet and Hyatt [57] performed a series of experiments to 
characterize different regions of a laser clad surface produced by cladding an 8.6 Al, 4.8 
Ni, 4.0 Fe, 1.1 Mn alloy with a heat input of 1200 J/cm and a welding wire of composition 
9.0 Al, 4.6 Ni, 3.9 Fe and L2 Mn. Specimens were removed from regions of the weld 
identified by optical microscopy. A significant observation was that the martensite phase 
in the deposit contained a high density of ordered precipitates.   A question still to be 
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answered is whether the ordering reaction reported on Brezina's CCT curves is in fact 
formation of these precipitates. 

It should be noted that direct comparison of the heat inputs in the work of Hansen and 
coworkers [39]; Bell, Petrolinis and coworkers [5,6,50,51], Liu and coworkers [16,17], 
and Hyatt and coworkers [1-3,56] is not possible with current knowledge because process 
efficiencies are unknown but different and compositions differ. The geometry of the weld 
examined by Hansen and coworkers [37] was not reported, so efficiency is between 0.6 
and 0.9. The welds of Bell, Petrolinis and coworkers [5,6,50,51] were made autogenously 
with laser welding in the keyhole mode (which is unsuited to surface treatment). This is a 
much higher efficiency process than that used by Hyatt and coworkers [1-3,56] in surface 
melting and cladding with a wire feed in conduction mode. Liu and coworkers [16,17] 
used conditions that were different from other workers, because they used a powder feed 
cladding mechanism (which is expected to improve efficiency) and the substrate used was 
an aluminum alloy with 3 to 5 times higher thermal diffusivity, giving more rapid cooling. 

8.0 RELATED WORK ON MICRO STRUCTURAL DEVELOPMENT 

There is a limited amount of relevant related work on microstuctural development in 
nickel aluminum bronzes. Brezina's extensive review article gives information on the solid 
state heat treatment of nickel aluminum bronze [31]. For engineering purposes, solid state 
heat treatment of nickel aluminum bronzes usually involves quenching from about 900 °C 
followed by tempering at 600 °C for up to 4 hours. He provides much data of more 
fundamental interest as well. Data on continuous cooling transformation behavior and on 
tempering behavior were discussed in Section 5. Relevant other results summarized by 
Brezina include: 

1. Observations that a massive transformation can be induced in binary alloys of 
composition Cu-8.5 to 9.5A1, by brine quenching of specimens less than 2.5 mm thick; 

2. In ternary alloys. Iron stabilizes a, encouraging a bainitic transformation product, 
while Ni stabilizes P and promotes martensite; 

3. Precipitation hardening in NAB is more significant at lower Aluminum contents and 
occurs at 400 to 500°C; 

4. The first stages of tempering of nickel aluminum bronzes occurs at 400 to 450 °C 
and involves redistribution of stacking faults and annealing of dislocations (this seems 
to be at odds with the results of Liu and co-workers [16,17], who suggest 
precipitation starts at a lower temperature) and; 

5. Observed structure following quenching is a function of pre-quench soak time. 

Gianetto and coworkers [58] used a Gleeble to simulate microstructure development in 
the heat affected, reheated and as deposited regions of a laser weld.   In some of their 
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simulations, stmctures similar to those in a clad surface produced by cladding a Cu-8.6 Al, 
4.8 Ni, 4.0 Fe, 1.1 Mn alloy with a heat input of 1200 J/cm and a welding wire of 
composition Cu-9.0 Al, 4.6 Ni, 3.9 Fe and 1.2 Mn. In addition to providing a library of 
microstructures of known thermal history, they showed that: 

1. Observed structure following quenching is a function of pre-quench soak time and 
starting structure; 

2. Structure depended strongly upon composition. An alloy with composition Cu-8.0 Al, 
4.8 Ni, 3.4 Fe and 0.66 Mn proved not to produce much martensite on quenching 
from the solid state, even from temperatures as high as 1030 °C; 

3. GTA welds made on several nickel aluminum bronzes, with heat inputs estimated to be 
between 0.3 to 0.5 kJ/mm had largely Widmanstatten a deposit microstructures; 

4. On rapid cooling, the transformation a + P-^a + P + K was suppressed to 855 to 875 
°C depending on cooling rate and the transformation a + p + K->a + K was 
suppressed to 650 to 760 °C again, depending on cooling rate; and 

5. Reheated weld metal microstructures are strongly influenced by peak temperature and 
cooling rate; and 

6. On cooling of a simulated weld of composition Cu-9.2 Al, 4.7 Ni, 3.4 Fe, and 0.77 
Mn, the formation of Widmanstatten a was suppressed by a cooling rate faster than At 
800-500 °C equal to 1.6 seconds. 

Livley and Hyatt [59] studied the tempering behavior of melt spun ribbons of nickel 
aluminum bronze. Optical microscopy did not reveal significant tempering at temperatures 
below 400 °C. An as solidified Cu-9 Ai, 5 Ni, 5 Fe ribbon had a dual phase P' plus a 
structure while the as solidified structures of an Cu-11 Al, 5 Ni, 5 Fe ribbon and of a Cu- 
13 Al, 5 Ni, 5 Fe ribbon appeared to be a single phase, probably martensite, on 
examination with an optical microscope. 

9.0 SUMMARY 

A good deal of general data related to the development of microstructures during low heat 
input welding of nickel aluminum bronze is available and has been summarized. Data from 
Sections 3 and 7 show that the 9-R martensite structure predominates in the aluminum and 
nickel rich regions around prior KH and KIV particles, the martensites formed in the as 
solidified material of a low heat input weld of nominal composition Cu-10 Al, 5 Ni, 5 Fe 
and in as solidified material of a low heat input weld of composition Cu-9.79 Al, 2.19 Fe, 
5.27 Ni. Martensites in the "retained P" regions of castings have a different structure and 
the binary aluminum bronzes exhibit a number of martensite variants depending on 
composition. Thus other structures are likely to be observed in low heat input welds of 
nickel aluminum bronzes of other compositions. 
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Data on thermodynamics and kinetics of phase transformations in these alloys is 
inadequate. Evidence to support the occurrence of an ordering transformation prior to the 
martensite transformation is conflicting. Data on a wider rage of compositions which 
combines microstructural work with thermal analysis on a wide range of compositions is 
required to answer this question. Available microstuctural data on alloys as rich as Cu-10 
Al, 5 Fe, 5 Ni suggests that such an ordering transformation does not occur in these 
alloys, despite the thermal analysis results of Brezina [31]. It is possible that a 
precipitation reaction was mistaken for an ordering reaction in the thermal analysis studies 
which gave the CTT curves. Simulation experiments by two separate groups of workers 
showed that as quenched structure depends upon both soak time and temperature. 
Simulation experiments also showed that for a particular composition, the formation of 
Widmanstatten a was suppressed by a cooling rate faster than At 800-500°C equal to 1.6 
seconds. Phase diagram data is limited especially near or above the solidus and liquidus 
temperatures. So is data on the effects of composition on hardenability and tempering 
behavior. It seems clear though that significant tempering does not occur until above 
temperatures of 400 °C, except at very long times. This review shows there is a lack of 
data and general understanding and agreement about how the Widmanstatten a phase in 
these alloys forms. As well it shows that there is a lack of data on the eflFect of heat input 
and composition on weld deposit structure. 
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