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ON THE PHASES, MICROCONSTITUENTS AND MICROSTRUCTURES
IN NICKEL-ALUMINUM BRONZES.

1. Infreduction.

The object of this review is to present a coherent picture of the nature, (and the
nomenclature) of the phases, microconstituents and microstructures that develop in nickel-
aluminum bronzes (NAB). The review is neither historical, nor is it exhaustive: rather, it is
a critical appraisal of our current knowledge regarding fundamental agpects of the
development of microstructures in NAB. The review begins with a brief description of the
thermodynamics (phase diagrams), kinetics (TTT and CCT curves) and nature
{microstructures developed) of the phase transformations that occur in binary Cu-Al-binary
alloys (Section 2). The proposed terminologies. which describe the phases that are present
in both the binary Cu-Al and (quaternary) nickel-aluminum bronzes, are also introduced
(Sections 2 and'3). This is deemed to be a necessary precursor to the section on
microstrucural development (Section 4) in that the literature is replete with confusing (and
sometimes incorrect) phase descriptions and identifications. The proposed terminology is
based on the oft-ignored review by Brezina [1]. several contemporary articles by Lorimer,
Ridley and co-workers {2-9] and more recently” by a trio of theses at Penn State by the
author's students [10-12]. This terminology is put into perspective with respect to existing,
but incomplete vertical sections of the Cu-Al-Ni-Fe phase diagrams (Section 3.4). In all
cases however, the published phase diagrams have been re-drawn to reflect the proposed
terminology.

The discussion on nomenclature includes the results of several key past studies by
e.g., Cook et al,, [13], Weill-Couly and Arnaud [14], Thomson and Edward [15], Culpan
and Rose [16,17]. These studies are used to provide a coherent picture of the

microstructures that are developed in NABs. The brief concluding discussion (Section 5),



is predicated on the results discussed with respect to both the binary Cu-Al svstem as
detailed by the kinetic studies of Smith and Lindlief [18], Philip and Mack- [19] {Section 2).
and by Brezina [1} in the more complex nickel-aluminum bronzes (Section 3).

A rationale is provided for "predicting” which "microstructures” can be arained in

NABs by judicious control of chemistry. cooling rate and tempering treatments.

2. The Aluminum-Copper Binary Svstem,

2.1 Phases, Microconstituents and Terminology
In order to understand the complex phase relationships which exist in the
quinternary NABs, it is first necessary to consider the binary Cu-Al system. Figure 1

presents the Cu-rich end of the Cu-Al phase diagram. This phase diagram is essentially that

of Smith and Lindlief [18] but with & (their terminology} replaced by v, which is in more

curren( usage. In reference [18], the eutectoid reaction was found to occur at 570°C £ 1°C

and for a composition of 11.87%Al. Smith and Lindlief [18] also conducted a series of
very careful isothermal transformation studies ahd a simplified and modified version of
their resulting TTT curves is shown in Figure 2. At this juncture, Table 1 is introduced: it
lists the phases/microconstituents which were identified in binary Cu-Al alloys by e.g., refs
[18], [19] and [20] but with a modified (proposed) terminology that will be employed
throughout the remainder of the review. The phases/microconstituents are described as

follows:
Q. _is the terminal fec solid solution and is observed in both the binary Cu-Al, and
quarterary Al-Cu-Ni-Fe alloys. o is an equilibrium phase. A typical image of the «

microconstituent is shown in Figure 3: a low magnification light micrograph of a slowly



cooled NAB". The light etching phase is proeutectoid o, which precipitates as
Widmanstatten rods in the high temperatre f matrix. Figure 4 is a higher magnification
image of a similar alloy; the co-existance of Widmanstatten & rods {light-etching) and

pools of martensite, o' , (dark etching) is illustrated.

B:_ is the high temperature, secondary, b.c.c. _solid solution; B is formed in

commercial NAB alloys as well as in the binary alloys. B is an equilibrium phase.

Y,:_is an intermetallic phase. It is an equilibrium phase in binary alloys: its presence
in NAB alloys is deleterious and is generally avoided.
B,: is an ordered, transition phase. It is based on the Cu,Al crystal structure. Single

phase 'beta one” has been reported in NAB (1], and the presence of discrete ordered
intermediate phases, based on either Fe,Al and/or NiAl have frequently been documented

{and see section 3).

o, is martensite; the term ¢, is used "generically" even though Swan and

Warlimont [20] showed that there are (at least) three different martensite polymorphs

(Figure 5). The three polymorphs. designated o (low aluminum), o and o, (high

aluminum) were also described by Hasan et al. [5] in NAB. These latter authors produced

0, by the simple expedient of quenching a Cu-9.4%Al-4.9%Ni-4.4%Fe alloy directly from
the B phase field (i.e., by supercritical annealing). o, ' and o, " were generated in the same

bronze by an intercritical anneal (i.e., in the two-phase o+ region) followed by

" Where appropriate, micrographs of NAB are used ta illustrate aspects of the binary Cu-Al system.



water quenching.

As noted by Brezina, ... systematic  investigations under practical
conditions of the mechanical properties and corrosion resistance have shown that it is not

very important whether martensite, coarse bainite or fine bainite are present”. Hence, the

term o, will be used to describe "martensite” in both the binary and NAB systems. The
small, geometrical pools of martensite in Figure 4 are most likely ¢,"; however the generic

term ¢, will be used. The designation o* is introduced below and will be used to describe

intimate mixtures of both martensite and bainite.

O, is designated as bainite. Smith and Lindlief {18] demonstrated the appearance

of a supersaturated, plate-like o phase (0, on Figure 2 (the high-temperature,

proeutectoid alpha phase is rod-like): however. the term bainite was not employed. Haynes

[25,26] documented the appearance of a "fine acicular form" of « (bainite). in a series of

Cu-Al-(Ni) alloys, at temperatures ~100°C below the eutectoid. This bainitic « formed

together with the "Widmanstatten form” which was observed at higher transformation

temperatures. Figure 6 is a light micrograph of plates of bainitic ¢, ¢fy. in a martensitic

?

matrix, the dark etching phase. (The NAB had been solution treated at 1025°C and
subsequently water quenched).

In a subsequent study on the nature of proeutectoid and bainitic alpha. Flew:tt and

Towner [21] examined a series of Cu-Zn alloys and documented the presence of plates of o,
(bainite), at intermediate transformation temperatures (Figure 7). Given the similarity

between both the microstructures and kinetics of the two studies. the designation o5 on

Figure 2 appears to be appropriate.



|

o* : a mixed microstructure. Brezina [1] discussed the formation of bainitic piates

of alpha in binary Cu-Al alloys as shown in the schematic diagram of Figure 8, which

describes the formation of a "mixed microstructure” in a hypoeutectoid Cu-Al alloy. During

the cooling cycle, (e.g., air cooling), the high temperature B can phase-separate above
500°C to produce plates of bainite in the B matrix. Subsequently, the B can start to order

(i.e., B, forms) and evenwally the remaining B, will transform to martensite (¢',). The

result is a microstructure consisting of both martensite and bainite. Brezina [1] used the

term o* to describe such a complex mixture. As shown in Figure 6, bainite/martensite

mixed microstructures can be very common: hence, it is suggested that the designation o*

be retained.

2.2 Continuous Cooling Transformation (CCT) Curves and Microstructure
Maps. .

Brezina [1] presented a wide-ranging kinetic and microstructural study of a series of
Cu-Al binary alloys, Cu-Al-(X) ternaries and Cu-Al-(X)-(Y) quaternary alloys. This
section presenis a brief review of Brezina's methods for the acquisition of kinetic data and
his methods of their presentation; namely CCT curves and microstructure maps. The results

are for binary Cu-Al alloys.

Critical temperatures (e.g., that for the onset of the B,— «,' reaction) were

determined using a combination of dilatometry and differential thermal analysis (DTA)
[22]. Figure 9 is a DTA scan for an eutectoidal Cu-Al binary alloy. The three exothermic
peaks correspond to the transformations indicated on the Figure (and see below). Electrical
resistivity and magnetic measurements were also cited [22], but it appears that the bulk of

Brezina's work employed the former two techniques. Brezina employed “small” samples



(11mm x Imm coupons) but used simulation techniques [23] to predict cooling conditions
for commercial practices (e.g., cooling a 200mm thick plate in oil) from the cooling times
achieved in the laboratory. The resultant data of Brezina [23] are presented in Figure 10.
Finally, standard metallographic techniques were used to identify various phases and
microconstituents.

Figures 11a, b are a microstructure map (a) and the corresponding CCT curves (b)
respectively, for an eutectoidal Cu-Al alloy. Brezina [1] was perhaps the first to present
CCT curves that are “read” from top to bottom. as opposed to from top left to 'bottom
right. Later, the practice was adopted by British Steel in their landmark pliblication of ref

[(24].
The microstructure maps (maps} were also novel at the time of Brezina's original

publication but are now seeing increased usage in e.g., the steel's literature. The use and
utility of Figures 11a, b can be gauged with respect to the cooling time of 2 x 10s which is

represented by the vertical line on the above mentioned figures. Figure 11b indicates that

the decomposition of the [ begins at ~330° C with the formation of the eutectoidal mixture

of o+v,. Shortly thereafter, the matrix begins to order to the B, phase (these two
transformations correspond to the first exothermic peak on Figure 9). At ~475° C, bainitic
plates of o begin forming in the B. Continued f.ormation of (& + ¥,) plus o, persists until
the martensite start temperature (Ms) is reached at ~275° C (Figures 9 and 11b), at which

point the reaction 3, — o' initiates. At ~ 180" C, the decomposition of the B/B, is
completed. The microstructure consists of a mixture of the eutectoid product (o + Ya)-
bainite (0tz) and martensite ( o,'), as is shown in Figure 1la; ~30% (0+Y,) co-existing

with ~70% o.*. Note that Brezina {1] does not differentiate between bainite and martensite



(Section 2.1) and we can describe the microstructure ¢ * as:
oF = o + 0

The data presented in Figures 11a. b are broadly consistent with the TTT curves of Figure

2: Figure 2 predicts that the high temperature transformation product/microconstituent is ¢,

+ %,, the ordering reaction then commences, to be followed by the bainite reaction (the

martensite reaction is not alluded to in Figure 2).

To facilitate later discussions on the more complex (‘hypoeutectoid"), NABs,
Figure 12 presents CCT curves and pmaps for a hypoeutectoid Cu-Al alloy, upon which
the cooling time of 2x10% has been inserted. For this arbitrarily chosen cooling time, the

resultant microstructure consists of ~ 60% proeutectoid o, ~35% o* (the plate-like mixture

of bainite plus martensite) together with a small amount of the eutectoidal mixture of o + v,

3. The Nickel-Aluminum Bronze (NAB) System: Proposed Terminology.

3.1 The Cu-Al-Ni, Cu-Al-Fe and Al-Ni-Fe Ternary Phase Diagrams.

Figure 13 presents isothermal sections of the three ternaries which are relevant to
the Cu-Al-Fe-Ni, NAB system. Figure 13 "has been adapted from ref.[5] with a
terminology which is consistent with that shown in Tables I and II. The relevant

intermetallics are:

Y, the binary intermetallic in the binary Cu-Al system
(Figure 1)

v based on Ni Al Its presence has not been documented
previously in the NABs,

Ku: based on Fe,Al (and see sections 3.2 et seq.)

K based on a NiAl This phase has a very broad composition

span, ranging from NiAl to FeAl



Assuming that no further intermediat phases are present in the quaternary system: the
above listing should, at the very worst serve as an excellent guide to the equilibrium

precipitate phases that could form in slowly cooled NAB.

3.2 The Kappa Phases in Slowly Cooled NAB
Table II presents the proposed terminology for the precipitate species which can form in
slowly-cooled Cu-Al-Fe-Ni bronzes’ . The phases/microconstituents with which they may

be associated are those listed in Table 1. i.e., the proposed terminology embraces_all of the

entities listed in Tables I and II (with the exception of K, : see Table II and below). The

following is a list of the precipitate species together with pertinent structural information.
To facilitate the following discussion. Figures 14 and 15 present “schematic
microstructures” of NAB castings for both "high-Fe" containing NAB (Figure 14) and for

more conventional NAB (Figurel5).

K;_: are dendritic (variously called globular or rosette} in morphology and are

formed in the [ phase (i.e., by a solid state reaction). Figures 16a, b are hight micrographs
of slowly cooled (cast) NAB. The dendntic (also called rosette) particles are K precipitates.
Ky particles are not single phase at room temperz;tures (e.g.. see Figure 16b), but are based
on the Fe,Al (DO, structure) witha= 3.71% 0.06 A 4] Itis suggested that K, does foon
as a single phase when precipitating in the B. (It is likely that the stoichiometry range of the

K phase decreases with decreasing temperature). Its presence as an equilibrium phase in

e.g., the Al-Ni-Fe system is well documented (Figure 13). and its dendritic morphology

" The data from which Table I was generated was presented, primarily by Lorimer, Ridley and co-workers
[2-9]



has been discussed in ref. [27]. x;; particles tend to form within the same temperature range
as the Widmanstatten o (Section 3.4) . Hence, the K, precipitates are frequently associated
with either the o + &, eutectoid (Figures 16a, b) or with high-Al martensite (Figure 17).
The crystal structure of the ;q, phase is shown in Figure 18. Note that it is an "ordered

version" of the disordered, high temperature B phase: this in part, explains its dendritic
morphology.
Reference to Figure 16b shows, that, indeed the x; particles are multiphase and

there appears to be a relatively sharp transition in etching behaviour between the center and

periphery of the dendritic particles. This etching behavior suggests that a x,, to X, transition

occurs during precipitate growth of the solid-state dendrites. Evidence for this transition

has been provided by e.g., refs. [10-12]. The wide stoichiometry ranges of both the x|

and x; phases, together with their similar crystal structures (Figure 18) would favor such a
transition.

Ky the binary eutectoid reaction product, forms as:

Bp—oa+ 1;m
Hence, the x; tends to be either lamellar or discrete (Figures 16a, b and see Figures 14 and
15). X is based on NiAl (B2 structure) with a lattice parameter of 2.88 + 0.03 A (and see
Figure 18 [4]). The x,, phase is structurally identical with the NiAl phase which is found in
termary Cu-AI-Ni alloys (Figure 13 and see [25,26]). It is likely that the x,, particles can act

as a substrate for the formation of x;, particles (e.g., see Figure 16b): both are "ordered



versions” of the high temperature [ phase (Figure 18).
K. are "large, dendritic-shape” particles _that only form in NABS with a high iron
content [4) of greater than ~5% and/or a high Fe: Ni ratio [12]. It would appear that the x

particles form in the melt, are normally located in the centers of o grains and are multi-

phase (Figures 19a,b). Jahanafrooz et al {4] documented the presence of Cu-rich

precipitates. bee Fe-rich precipitates, DO, (Fe,Al) and B2 (FeAl) pani_c]es in single
dendrites of the X, microconstituents. Although it may be argued that x; should not be
considered a "phase”; it most certainly is not a single phase at room temperatures, it is
highly probable that it was formed as a single phase from the melt, (as x, ). but then

subsequently phase separated. X, is not found in "normal chemistry" bronzes. Although

most likely based on K, it is suggested that the designation K, be retained. as it deliniates a

microconstituent that most probably forms from the melt and not in the solid state.

Figures 19 a,b are low magnification, light microscope images of an atypical, high-

Fe casting which contains dendritic x, precipitates (the dark etching constituent). As noted

above, the x; particles form in the melt. (Studies at Penn State have shown that the x,

phase is stable above the solidus temperature {12] ). Additionally, it is likely that they

transform partially to the B phase, during cooling, via the peritectic reaction:
L+x —B
Reference to Figures 19 a,b, also indicates the presence of the proeutectoid ¢, phase (the

light etching microstructural constituent) encapsulating the x; , together with pools of the

eutectoidal mixture of O + K.



K, particles, it is most unlikely that the Ky constituent is distinct from K. X,
forms in_the ¢, but has a structure and composition which is very simiilar to that of ¥,
(Tables II - IV). Although % and K, appear to be one and the same, it is suggested that the
designation K, be retained, i‘f for no other reason than its widespread use, X, precipitate
free zones are invariably encountered at the periphery of the o grains; wherever k;; and/or

kg are present (Figures 16ab). The k. particles are discrete, displaying spherical,

cuboidal or even cruciform morphologies (Figure 20). They may also be internally

twinned.

Ky_: the K. "phase” has been reported during the tempering of NAB [1.14.16].

However, X, is structurally identical to ky, (see section 3.3). It is suggested that its use be

discontinued. Figure 21 is a light micrograph of “lath-like" particles of x;; in a tempered

NAB.

3.3 Compositiohal and Structural Aspects of the x Phases.
A number of authors have presented information on either the structural nature of

the x phases and/or their composition ranges ( e.g., see refs. {2,4-7,14,16]). By far the

rmost comprehensive structural and compositional analyses of the k phases were performed

by Lorimer, Ridley and co-workers [4-7], using transmission electron microscopy, (TEM),

and a precis of their data is presented in Tables III and IV", Perhaps most telling, the

" In Table I, and all subsequent tabular material, the designation of e.g., "cuboidal/cruciform” under the
heading "Morphology” implies the presence of two distinct morphologies as opposed to two equivalent
descriptions of a single shape. For example, the x |, precipitates undergo a morphological transformation,
during coarsening, from cuboidal to cruciform.



selected area diffraction pattern (SADP) data only supports the presence of the two distinct
kappa phases: namely ¥, and Ky (Table IID. These two structures, DO, and B2
respectively (Figure [8), correspond with those which would be expected to occur from the
ternary phase diagrams of Figure 13.

Table I has been divided into two groups; the K phases which have the DO,

(Fe,Al) structure and those which have the B2 (NiAl) structure. In the former category K,

13

is considered to be the "prototype" and precipitates in the B phase (Table II). The " x;

phase" most probably forms in the melt. and k. forms in the ¢ phase.

The prototypical B2 (NiAl) phase is the eutectoidal X  constituent which adopts

either a lamellar or spherical morphology. Culpan and Rose [16] attempted to differentiate
between these two morphologies. However, based on both their structural identities
(confirmed in e.g., refs. [6,7]) and their very similar chemistries (Table V), no

differentiation is warranted. -

What may be termed "martensitic” «,; forms in association with the islands of high-
Al martensite in the as-cast, or slowly cooled conditions. Finally, the lath-like x,, (referred

to as K, by e.g., refs. {14, 16]) precipitates within both the ¢ phase and the martensite

during tempering (Figure 21).

The compositional analyses (again performed on the TEM which minimizes
erroneous signals) can be grouped as per Table III, and are shown iﬁ Table IV. Two
distinct kappa phases only, may be distinguished. The data in Table IV are presented as

both atomic % and as weight % (the latter in parentheses). The Ni:Al and Fe:Al ratios



clearly show the presence of two distinct phases only. both of which have relatively wide

composition ranges (and see the ternary phase diagrams of Figure 13).

3.4 Vertical Sections of the Cu-Al-5%Ni-5%Fe Phase Diagram.
Figure 22 is a veitical section through the Cu-Al-Ni-Fe phase digram. as

determined by Cook et al. {13]. The phase diagram was constructed from a very careful

o

study of a series of different Cu-Al-Ni-Fe alloys which had been solution treated at 1000
C, cooled to various lower temperatures and subsequently quenched. This vertical section
(one of four) was interpolated from the microstructure maps shown in Figure 23. Hence, it

can be concluded that the phase diagram in Figure 22 is, at least, qualitatively correct.

However, Cook et al., {13] did not differentiate between x,, and K, : the generic term K,

being used.
The only other vertical section of the quarternary phase diagram appears to be that
due to Brezina [1]. Unfortunately his diagram (Figure 24) appears to have been heavily

influenced by Cook et al., [13], and the corresponding solvus lines match almost exactly.

Even more unfortunate is the fact that Brezina opted to employ the generic description of K
even-though his terminology, in the body of the text, admits to the presence of e.g., x, and

Kig -
In an effort to produce a more realistic vertical section of the NAB phase diagram,

the data of ref. [13] have been reinterpreted in terms of the precipitation of two x phases: K|,

and K;; . The results are presented in Figure 25: the solvus lines of ref. [13] have been

retained. however, the phase fields have been re-labelled in accordance with the proposed

terminology of e.g., Tables I and II. The assignment of x;, to the high temperature, high

aluminum phase field was based on examination of the micrographs contained in the



various publications of Lorimer, Ridlev and co-workers [3-9], and by students at Penn

State ([10-12]).

3.5 Quenched/Quenched and Tempered NAB.

Depending on the quenching rate, bainitic and/or martensitic microconstituents are
predicted to form in most quenched NABs (e.g., see Figures 11,12,27,28). Swan and
Warlimont {20} identified three different martensite structures in binary Cu-Al alloys

(Figure 5), and Brezina {1} described the decomposition of binary hypoeutectoid Cu-Al

alloys to a mixture of both bainite and martensite (termed o*) during air cooling: a good

example of this latter microconstituent/mixture was presented in Figure 6.
Swan and Warlimont determined that the martensite start temperature (M)
decreased with increasing aluminum content (Figure 5). However, Cook et al. [13] showed

that the "hardenability” * of NAB increased with increasing %Al. For example, it was

found that a substantial fraction of "secondary o (bainite) was found in quenched NAB

when the alloy contained 8% or 9% Al: the amount of bainite decreased at 10%Al and was
absent in the 11% and 12%Al alloys. Hence, the critical cooling rate for the suppression of
the bainite reaction decreases as the aluminum content increases (Alternatively, the
hardenability increases). |

In NAB material with standard chemistries, it is virtually impossible to create a

microstructure that is 100% ¢, (martensite) because of the rapid intervention of the bainite

reaction. Indeed, as noted by Brezina "....... it is not possible to obtain a fully martensitic
structure in the alloys Cu-10.5Al-5Fe and Cu-10.5Al-5Fe-5Ni even at ... (rapid)

quenching rates (in platelets 3mm thick, immersed in brine)". However, if a fraction of the

" Hardenability is a measure of the ease with which a given alloy forms martensite. This terminology has
been "borrowed" from the steel's literature



B can be enriched in Al by e.g., the prior precipitation of the proeutectoid o. phase. then the

alloy hardenabi]iry.increases. Figure 17 presented a scanning electron microscope (SEM)

image of a sample which had been slowly cooled from 1025°C to 823°C and subsequently

quenched. The development of the Widmanstatten rods of o, prior to the quench. increased
the hardenability of the remaining § to an extent sufficient to form martensite and no

bainite: the large dendritic particle in the martensite is K; . A similar example was shown in

Figure 4. In this instance, the alloy was isothennally transformed at 775°C for 15 mins.

and subsequently quenched. The isothermal transformation yielded the Widmanstatten rods

of proeutectoid ¢ and initiated the eutectoidal reaction. These decomposition products led to
the enrichment of the remaining § in aluminum which, when quenched, yielded [00%
martensite in the remnant pools of f (i.e., the critical cooling rate for bainite suppression

was exceeded). The extent of alloy partitioning during the formation of e.g., proeutectoid o

is demonstrated in Table VII
3.5.1 The Effect of Tempering (Subcritical Annealing).

Tempering "martensitic” microstructures has been performed by many previous
investigators (e.g;, see refs. [5,7,13]). A series o‘f complex reactions can occur, depending
on time, temperature and alloy chemistry. However, the overall sequences can be written

as.
o = O+ Ky 4y
or:

O + Ky = o+ Ky (ii)



depending on the presence (or absence) of K, in the as-quenched material. In either

instance, the resultant microstructure consists of o + discrete Ky, particles (Figure 21},

Recognizing the fact that tempering treatments are performed on materials that most

likely contain a mixture of proeutectoid o, bainite and martensite, the following reactions
will also occur:

O = O + Xy (iii)

O+ Ky = 0+ Ky + Ky (iv)

Note that in all cases, x;; is precipitated during tempering, i.e., ¥y is the "tempering

phase". Table VI lists the phases/microconstituents which are present in quenched/

quenched and tempered NAB. However, it should be noted that after tempering, the only

phases remaining are ¢, K, and Ky,

3.6 Summary of Proposed Terminology.

Table [X summarizes the proposed terminology and also lists several previously

employed nomenclatures. The proposed terminology (Column I) contains those phases

/microconstituents which are either deemed to be distinct phases, and/or those whose use is
so common that their deletion would appear to be counterproductive. Further infonr.zzition
on the designations in Column I can be found in e.g., Tables | and II. Some of the other
columns in Table VIII show "large fallow areas”. For example, Swan and Warlimont [20]
and Smith and Lindlief [18) only examined binary Al-Cu alloys. Conversely, Ridley,
Lorimer and co-workers [6,7] only examined the complex NABs: hence the fallow areas. I
have tried to be as accurate as possible regarding the terminology of e.g., Cook et al. [13],

however, I have had to make various judgements on their original publications.



|
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In summary, it is felt that Table VII represents a consistent set of terms that should

be sufficient for the description of the phases and microstructures in NAB although there is

some redundancy, e.g., with respect to the X, X, and K, phases.

4. The Nickel-Alumlinum Bronze (NAB) System. Continuous Cooling
Transformations and Microstructural Development.

4.1 Continuous Cooling Transformation (CCT) Curves.

A number of authors have described the continuous cooling characteristics of NAB
(e.g., [1], [6], [12]). Figure 26 is a schematic diagram of the "order" in whjch the beta
phase decomposes [16] in one particular bronze. The figure has been adapted from Culpan
and Rose [16], in accordance with the proposed terminology of e.g., Table IX. However.

the transformation sequences are dependant, both on the chemistry of the bronze and on

the cooling rate. Brezina {1) presented both CCT curves and pmaps for a series of nickel-

aluminum bronzes and two such examples are presented in Figures 27 and 28. Reference to

Figures 27a,b shows that moderately slow cooling (2x10% cooling time) of the 9%Al-

5%Fe-5%Ni alloy will yield a microstructure consisting of ~ 55% proeutectoid o rods,
35% of the eutectoid mixture of & + Ky, and ~ 10% a* (Figure27a). Note also that during

cooling, precipitation of Widmanstatten o in f precedes the formation of dendritic x,, in B
(Figure 27b).

In the alloy with a higher Al content (Figure 28), the k,, phase is the first phase to
appear in the §, during cooling from 1000°C (Figure 28b). The fraction of proeutectoid o

in the microstructure decreases in comparison with that obtained in the lower Al alloy



(Figure 27a), and there is a corresponding increase in both the fraction of the eutectoid (see

below), and the o* microconstituent (the intimate mixture of bainite plus martensie).

Although not specifically alluded to in ref. [1], it is possible to use the CCT curves

and pmaps of e.g., Figures 27 and 28 to design, albeit tentatively. heat treatments that will

produce specific microstructures in NAB. The following describes a rationale for predicting
solution treatment temperatures and aluminum contents which would produce varying
volume fractions of the euteétoid microconstituent. Section 4.2 thén describes a series of
“real microstructures” that may be developed in NAB. |

The CCT curves of ref.[1] (see e.g., Figures 27b and 28b) may be used to estimate

the critical temperatures for the formation of o and k,; on cooling (the Ar temperatures) and

by extension, the minimum temperatures for full solution treatment (reforming 100% ) on

heating. These data are plotted in Figure 29a. In all cases, the Ar temperatures were
estimated from the slowest cooling rates employed in ref. [1]. A comparison of Figure 29a

with the phase diagrams of Figures 24 and 25 shows good qualitative agreement. with the

B/B + o solvus increasing with decreasing aluminum content. Reference to Figure 29 also

indicates that an annealing temperature of = 1000° C would be needed to yield 100% [3

(i.e., a full solution or "supercritical" treatment} for alloys containing ~ 8 - 5%Al.

In designing microstructures, a knowledge of the volume fraction of the eutectoidal
mixture of o + .Km is of import. Figure 30 plots the percemage‘ of the eutectoid
microconstituent as a function of aluminum content. The data have been estimated from the
pmaps presented in ref.[1] (and see Figures 27a and 28a). The data were obtained for a
slow, somewhat arbitarily chosen cooling rate which corresponds to the sand casting of a

200mm thick plate. This cooling rate minimized the amount of bainite/martensite (o*) that



would form in the alloy; however, some ¢ + 7y eutectoid product is included in the data of

Figure 30. The major trend is a decrease in the volume fraction of eutectoid product with

decreasing aluminum content; it is predicted that the microstructure should contain virtually
no o + Xy, below approximately 8%Al. Figure 31 is a light micrograph of a NAB casting
which contained ~ 7.8% Al: no eutectoid is present. However, the grain boundaries are

associated with an almost continuous film of x;,. Note also the X, in the body of the o

grains.

4.2 Microstructures and Microstructural Develoment in NAB.
The following sub-sections briefly describe microstructural development in NAB

with respect to a series of continuous cooling protocols. The protocols are developed in

association with a “"hypothetical pmap”. It is then shown that the attainment of certain

microstructures may be facilitated by inrercritical, as opposed to supercritical annealing

prior to continuous cooling.

Figure 32 is a hypothetical microstruture (Wmap) of an alloy which contains ~9.5%

Al-5%¥Fe-5%Ni. Superimposed on this gmap are six different cooling curves (1-6), each of

which, at least potentially, can result in an "unique” microstructure. Although Figure 32 is
schematic, it is at the very least, qualitatively correct and predicts the observed sequences of

transformation products as a function of cooling rate. Figure 32 also differentiates between
martensite (¢,) and bainite (o), with bainite predominating at the intermediate cooling
rates..

4.2.1. Microstructure I: Proeutectoid o+ The Eutectoid Mixture.

Very slow cooling (e.g., for a large casting) will yield a microstructure which



consists of proeutectoid ¢, together with the eutectoid mixwre of o + x, =~ (Figures

16a,b).

4.2.2. Microstructure II: Proeutectoid a + The Eutectoidal Mixture + Martensite.

Moderately slow cooling of e.g., a small casting will yield a microstructure which
is characteristic of many " slowly cooled”, cast NAB; small fractions of the casting

transform below M to form "high-Al martensite” (and see the schematic drawings of

Figures 14 and 15). Partitioning of ¢.g., Al during the formation of proeutectoid ¢ ensures

the formation of a high-Al martensite, with little or no bainite formation.

l
‘ Microstructures 1 and II can be developed by simple control of the casting
| conditions and may not need any further heat treatments.
4.2.3. Microstructure Ill: Proeutectoid o + Martensite.
Increasing the cooling rate over that necessary to produce Microstructures I and 11
{ may produce Proeutectoid o + Martensite . At first sight, this might appear to be "out of
sequence” in that the bainite reaction would typically precede the martensite reaction.

However, the formation of proeutectoid ¢t increases the hardenability of the remaining §.

thereby favoring the martensite reaction. Microstructure III can be obtained by conventional
continuous cooling and is frequently developed during welding: (Figure 33). A simpler
method of producing alpha plus martensite microstructures is by intercritical annealing

slowly cooled samples. Reference to Figure 29b shows that if a 9.5%Al NAB is

intercritically annealed between ~ 850°C and 930 °C, the eutectoid o + x, will revert to B.
On subsequent quenching (rapid cooling) the high-Al § will transform predominantly to

martensite (¢,"). Figure 34 is a light micrograph of NAB which had been intercritically

" This "microstructure” will also contain ~ 3% ¥; {12}. No martensite would be expected.



annealed at 870°C followed by an oil quench. The microstructure consists of proeutectoid

o plus martensite (some bainite plates are also observed in the martensite pools).

4.2.4, Microstructure IV: Proeutectoid o + Martensite + Bainite.

Microstructure TV can be attained through continuous cooling (Figure 32).
However, inrercﬁﬁcal annealing will again yield superior results. Figure 35 shows the
same NAB as that shown in Figure 34. This latter sample was also annealed at 870" C. but
was subsequently air-cooled. The more moderate cooling rate allowed for the development
of a higher fraction of bainite. Similar microstructures may be obtained by reducing the
overall aluminum content of the alloy.

4.2.5. Microstructure V: Martensite + Bainite.

In the laboratory, this microstructural entity may be obtained by a simple
supercritical anneal plus quench cycle. An example of this microstructure has been shown
in Figure 6. However, it may only prove to be possible to obtain this microstructure in
relatively thin samples.

4.2.6. Microstructure VI: Martensite.
To the author's knowledge, it is impossible to produce 100% martensite, using

standard quenching techniques, in NAB which contains less than ~ 10% Al

5. Concluding Discussion.

The phases that form in complex nickel-aluminum bronzes (NAB) can be predicted
with reasonable certainty from a knowledge of the phases which form in Cu-rich, binary
Cu-Al alloys {Section 2) and in the Cu-Al-Ni, Cu-Al-Fe and Al-Ni-Fe ternary systems

(Section 3.1). Al room temperature phases/microconstituents are derived from the high

temperature, secondary solid solution; the bee 8 phase.



During "slow" cooling, the B phase decomposes to form a mixture of the Cu-nich o
phase (fcc) and two intermetallic "« phases” which are based on either the NiAl prototype
(K ) or the Fe,Al prototype (x;, X, and x,,). It is also possible to form small regions of

high-Al martensite when untransformed § is cooled below the martensite start (M)

temperature. A

During "intermediate cooling rates”, bainite is formed. This is the least understood.
and indeed analysed of all the phases/microconstituents that form in NAB. Quenching
yields a mixture of bainite and martensite. However, conventional quenching techniques
are not sufficiently rapid to form 100% martensite.

Finally, a whole range of microstructures can be produced by supercritical anneals
and/or intercritical anneals, followed by cooling in different quenching media. Modification

to these structures may also involve subsequent subcritical annealing (tempering).
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Table ]

Phases and Microconstituents in Binary Cu-Al Alloys.

(Proposed Terminology)

(Data primarily from refs. [ 18], [19], {20])

Phase/Microconstituent

Comments

o

B,

fec, Cu-rich terminal solid solution
(an equilibrium phase: Figure 1):

bec, intermediate solid solution
(equilibrium phase Figure 1);

complex cubic, y brass structure.
Intermediate phase;

ordered bee: Fe,Al structure.
Transition phase:

martensite, formed by quenching:

bairite formed at intermediate
transformation temperanires;

an intimate mixture of bainite and
martensite;




Table II

Precipitate '"Species” in Nickel-Aluminum Bronzes.
{Proposed Terminology}

(Data primarily from refs. {2-9])

Phase Distinct Retain ? Comments

Ky YES YES Forms in Al-Fe binary alloys:
based on Fe,Al. Precipitates in

the B Phase.

Kiis YES YES Forms in binary Al-Ni alloys:
based on NiAl. Precipitates in

association with o during the
eutectoid decomposition of the

B. Also forms during
quenching and tempering.

7 K, NO YES Only Forms in Alloys containing in
“ excess of 5% Fe. Probably forms
from the melt. Multiphase at room
temperature. Most likely based on

K, (Fe, Al).

Kpy NO YES " Based on the Ky (Fe,Al) phase.
Forms in the o

Ky NO NO Occurs during tempering. Based on

Ky, 1ts use should be
disconrinued.




Table TI

Structural Data on the x - Phases in NAB.

{Data from refs. [4-7], [10-12])

Morphology Structure

Kg Dendritic

Fe,Al
Kpy Cuboidal/Cruciform DO;:a=571A
X Dendritic
Kg Lamellar/Sphencal

NiAl
Ky * Spherical B2:a=2.88A
Ky *¥* Lath

* Spherical x; that forms in martensite in the as-cast condition.

** Lath - like x ; formed in the o during tempering



Table 1V

Typical Chemical Compositions in Atomic% (Weight % in Parentheses) of
the x-Phases in NAB. '

{Data abstracted from refs. [6] and [7]}

Ni Fe Al Cu Ni:Al Fe:Al
Kk,  7(8) 53 (61) 22 (12) 9 (12) 0.32 2.4
Ky  6(7) 64 (73) 19 (11) 2(3) 0.32 3.4
K 34 66 (72) 18 (9) g (11) 0.17 37
Ky 324D 10(13) 44 (27) 12(17) 0.73 0.23
Kyt 26(35)  11(14) 46 (28) 14 (20) 0.57 0.24
Ky* 32 (42) 12 (15) 47 (29) 9 (13) 0.68 0.26

* Spherical K in martensite in the as-cast condition.

** Lath-shaped x; formed in the o during tempering




Table V

Compositional Data (weight %) for Lamellar and Spherical, Eutectoidal x,;

(Data Abstracted from ref. [16])

Ni Fe Al Ni:Al Fe: Al

2
(g% ]
Ju—
2
=
[
|
o

Ky (Lamellar) 28 22

Ky {(Spherical) 24 34 18 1.33 1.89




Table VI

Morphological Characterization of the x-Phase in NAB

- (Data from refs. {4.7.14-16]}

Proposed Nomenclature Previous Nomenclature

Xy dendritic globular [14}, rosette [16],
noduiar [15],
dendritic {4, 5,15]

Ky cuboidal/cruciform spherical/small rosettes [16]
equiaxed [4, 5]

X, dendritic dendritic [4, 5]

Km lamellar/spherical lamellar/globular [4, 5,16]

lamellar/granular [15]

Ko * spherical spherical [7]

Ko™ ¥ lath ) fath

* Spherical K that forms in martensite in the as-cast condition,

** Lath-like k,;, formed in o during tempering




Table YII

Partioning data for NAB
(Data from ref{11])

Composition (wt %)

Al Fe Ni Mn Cu
Alloy 92 38 45 1.4 Bal
Proeutectoid Alpha 73 36 37 1.0 Bal
Martensite 10,6 4.0 58 1.2 Bal.




Table VIII

Microconstituents in Quenched / Quenched and Tempered Nickel-

{Data primarilly from Refs. [5], [ 7]; {20])

Aluminum Bronzes.

( Proposed Terminology)

Phases/Microconstituents Structure Comments
Martensite
o fee (low Al): faulted
oy
o, ordered
tetragonal (medium Al): faulted
o, ordered
orthorhombic (high Al): twinned
Bainite
Uy fcc ? ?
Tempering Phase
Km NiAl Forms during

tempering. Also,
present in as-quenched
high Al martensite.
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THE COPPER-RICH END OF THE COPPER ALUMINUM

PHASE DIAGRAM
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Figure 1. Copper- rich end of the Cu-Alphase diagram The phase
diagram is essentially that of Smith and Lindlief [18], but with § being
replaced by ¥,.The o, and B phases are identical to those observed in the
nickel-aluminum bronzes (NABs).



TTT CURVE FOR AN Cu-11.87%A1 ALLOY
(SOLUTION TREATED AT 900°C FOR 1 HR.)

Adapted from Smith and Lindlief [18]
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Figure 2. Time-Temperature- Transformation (TTT) curves for a eutectoidal
Cu-Al alloy. Byis an ordered version of the high temperature 3 phase, and oy is
bainite.(Adapted from Smith and Lindlief [18]). The terminology in this, and all
subsequent Figures is that which is presented in e.g., Tables I and II. Note that
Smith and Lindlief did not investigate the martensite reaction.



PROEUTECTOID ALPHA AND THE EUTECTOID
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PROEUTECTOID ALPHA, THE EUTECTOID
MIXTURE AND HIGH-ALUMINUM MARTENSITE
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Figure 4. Light micrograph of slowly cooled, but incompletely transformed
NAB, which contains proeutectoid o, small dendritic particles of kyj, the
eutectoid mixture of & + Kpj , and encapsulated islands of high-aluminum
martensite. The martensite is featureless.



THE COPPER-RICH END OF THE COPPER ALUMINUM PHASE
DIAGRAM, SHOWING THE MARTENSITE START TEMPERATUR

(Adapted from Swan and Warlimont [20]
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Figure 5. Copper-rich end of the copper-aluminum phase diagram,
showing the Martensite start temperature, and the B ordering
temperature, The three martensitic structures are referred to
collectively, in the text and in subsequent figures and tables, as a'l.
(Adapted from Swan and Warlimont [20])



BAINITE AND MARTENSITE

Figure 6. Light micrograph of quenched NAB, which contains plates of bainite
(light etching) and martensite.



PTTT‘ CURVES FOR A 60-40 ALPHA-BETA BRASS

Temperature (°C)

700
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(Adapted from Flewitt and Towner[21])
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Proeutectoid o Rods

Proeutectoid ¢ Rods + Bainitic ¢ Plates
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Figure 7. Time-Temperature- Transformation (TTT) curves for a 60-40
Brass. The separate ""C"-Curves are indicative of a proeutectoid
reaction at high temperatures, and a bainitic reaction at lower
temperatures. (Adapted from Flewitt and Towner [21]). The overall
similarity in structure, morphology and kinetics between the
intermediate temperature transformation products in the brasses, the
binary Cu-Al alloy and the NABs, strongly suggests that bainite is
formed in all three alloy systems. '



THE BAINITIC MICROCONSTITUENT IN
HYPOEUTECTOID Cu-Al BINARY ALLOYS
AND THE FORMATION OF a*

Adapted from Brezina [1]

- aB/B\I-’)
v
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N 2
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.Theot*
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Figure 8. The formation of Bainite during either a moderate cooling rate, or for an
intermediate transformation temperature. The bainitic & forms as plates and with a
full or partial supersaturation of Al. Although not analysed, it is likely that the
bainite is fcc, Typically, the bainite reaction does not go to completion during
cooling, and the resultant microstructure is a mixture of bainite and martensite (o/*).
In addition, it is very difficult to quench severely enough to produce 100%
martensite in the NABs, and "rapidly cooled" microstructures invariably contain
both bainite and martensite (¢*). (Amended from Brezina [1])



DIFFERENTIAL SCANNING CALORIMETRY
CURVES FOR A BINARY Cu-AlIALLOY

Adapted from Brezina [22]
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Figure 9. Differential Scanning Calorimetry (DSC) curves for a binary Cu-Al
alloy. The three exothermic peaks can be identified with the "critical
temperatures' for the § —o+y,and B— B transformations (overlapping), the
bainite transformation (B— o) and the martensite transformation (8 — '}
(Adapted from Brezina [22])



EQUIVALENT PLATE THICKNESSES
(Brezina[23})
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Figure 10. Master curves for the conversion of cooling times to "equivalent
plate-thicknesses' and for a variety of cooling media. As indicated on the
figure, a cooling time of approximately 2000s (and see figure 11)
corresponds to the cooling rate obtained for a 125mm thick plate, cooled in
air (Adapted from Brezina [23])



MICROSTRUCTURE MAPAND CCT CURVES FOR A
Cu-11.8% A1 ALLOY. (SOLUTION TREATED AT 900°C FOR 1 HR.)

Adapted from Brezina (1982)

. 100 i N //'
= | N
3 80— | : /
g | \ /
g O ; ! NI
ks Martensite | Bainite < /l -
R M N .
= 40 o y, Y-
= | V]
3 20 | x
a) 0 | [ Lo |
AN
N
~
_. 800 N
(& N
- ~
2 600\ N
2 > eEE—
; — .____‘-""'—_‘ _____ 2
£ 400— _—B;"__: — O
EE..’ ‘ al N N
200}— ~% >
\
b) ol__1 u N ;
10" 10° 10° 10 103

Cooling Time, 900°C-500°C. (s)

| | ] |
Water 23 35100 200 400

! l ) o
Oil 25 50 100 200 400

N T
Air 2550100200400
[ ! S
Sand Casting 30 60 120 200400

PLATE THICKNESS (mm)

Figure 11. Microstructure map (a) and Continuous-Cooling-Transformation (CCT) Curves
(b) for a eutectoidal Cu-Al alloy. Cooling rates and times (experimentally determined) were
converted to equivalent bar thicknesses in a given cooling medium, using standard thermal
data. Both the map, and the CCT curves relate to the center of the bar. (Adapted from
Brezina [1]). The CCT curves and the microstructure maps are both "read" from "top to
bottom", Reasonable agreement is seen between the CCT curves of Brezina (this figure)
and the TTT curves which were presented in Figure 2. The nomenclature employed is that
shown in Tables I and II. Note that o* denotes a mixture of martensite and bainite.



MICROSTRUCTURE MAPAND CCT CURVE FOR A
HYPOEUTECTOID Cu-10.5%A1ALLOY. (SOLUTION TREATED
AT 850°C FOR 1 HR.)

Adapted from Brezina (1982)
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Figure 12. Microstructure map (a) and Continuous-Cooling-Transformation (CCT) Curves
(b) for a hypoeutectoid Cu-Al alloy. (Adapted from Brezina [1]). The CCT curves and the
microstructure maps are both "read’' from "top to bottom''. The high temperature
"C"-Curve is for the proeutectoid alpha. Note that a* (Figure 12a) denotes a mixture of
martensite and bainite
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SCHEMATIC MICROSTRUCTURES
OF NAB CASTINGS
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Figure'14. Schematic microstructures developed in slowly cooled, "high-Fe' NAB,
according to Brezi_na (1], Figure 14a; and Lorimer, Ridley and co-workers [9], Figure 14b.
l Although not expllgitely stated, the proeutectoid alpha is rod-like. The encapsulated islands
; of high-Al martensite are not associated with plates of bainite (and see text).



SCHEMATIC MICROSTRUCTURES
OF NAB CASTINGS
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Figure 15. Schematic microstructures developed in slowly cooled, "I'ow—Fe”,NAB. The
"kappa-one'' phase is absent; otherwise, the microstructures are identical to those in
Figure 14. (Adapted from refs. [1] and [9])



- PROEUTECTOID ALPHA AND THE
EUTECTOIDAL MIXTURE OF ALPHA + KAPPA
THREE

Figure 16a. Light micrograph of slowly cooled NAB. The o contains a
dispersion of K[y precipitates, some of which exhibit a eruciform morphology.
Dendritic kpparticles are found, predominantly in the eutectoidal mixture of o
+ Ky -A Kpy precipitate free zone (PFZ) is present in the vicinity of the
eutectoid colonies. ’ .



PROEUTECTOID ALPHA, PHASE-SEPARATED
KAPPA TWO AND THE EUTECTOIDAL MIXTURE
OF ALPHA + KAPPA THREE

Figure 16b. Light micrograph of slowly cooled NAB. The & contains a
dispersion of Ky precipitates, some of which exhibit a cruciform morphology.
Dendritic xy particles are found, predominantly in the eutectoidal mixture of o
+ ¥y A Xyvy precipitate free zone (PFZ) is present in the vicinity of the
cutectoid colonies. Note the dissimilar etching characteristics, between the
center and the periphery of the kyparticles.



PROEUTECTOID ALPHA, DENDRITIC KAPPA
TWO AND HIGH-ALUMINUM MARTENSITE

10ptm

Figure 17. Scanning electron microscope (SEM) image of a dendritic ki
particle in high-aluminum martensite. . :



RELATIONSHIP BETWEEN THE CRYSTAL STRUCTURES
OF THE HIGH TEMPERATURE,DISORDED B PHASE AND
THE LOW TEMPERATURE x PHASES

B (Disordered bcc)

f KI/II/IV (Single Unit
;/ Cell)

[ )
b) : | /b ,]J/J /

5 Ky (Eight Unit

' / Cells)

N
.

N

\® | |

\
NS
x :

c)

Figure 18. Relationship between the crystal structures of the high temperature beta phase
. and the ordered, intermetallic phases (Adapted from Hasan et al. [4])

a) The disordered B phase.

b) The Fe3Al structure of the Ky , Xy and K yphases. The "Fe'' positions are occupled by
Fe (+ Ni + Cu + Mn). The "Al" posxtlons are occupled by Al (+ Si).

¢) The NiAl structure of the ky;phase. The "Ni" posmons are occupied by Ni (+ Fe + Cu +
Mn). The "Al" positions are occupled by Al (+ Si).



DENDRITIC KAPPA ONE PARTICLES IN
ASSOCIATION WITH PROEUTECTOID ALPHA.

2000um

Figure 19a. Low magnification light micrograph of slowly cooled NAB. The
microstructure contains "clusters” of x ; particles in association with of rods of
proeutectoid . |



DENDRITIC KAPPA ONE PARTICLES IN
ASSOCIATION WITH PROEUTECTOID ALPHA.
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CRUCIFORM "KAPPA-FOUR'" PRECIPITATES

21m

Figure 20. Scanning electron microscope (SEM) image of cruciform Ky
particles in proeutectoid alpha.
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VERTICAL SECTION OF THE Cu-Al-5%Ni-5%Fe
PHASE DIAGRAM

Adapted from Cook et al. (1951-1952)
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Figure 22. Vertical section of the Cu-Al-5%Ni-5%Fe phase diagram. (Adapted
from Cook, Fentiman and Davis [13]). No distinction between Kpand Kmhas been
attempted. . :



COMPOSITION/TEMPERATURE/MICROSTRUCTURE MAP
(Cook et al., 1951-1952)

Temperature ("C)
1000 900 800 700 600 500

8 otk otk | oK
9 o+x o+x o+K
=
E
E 10 o+xK o+K o+K
< L, 2
S [ %
e
Vi
12 Z/// 7 |
Y
4 ? 6 6
TeNi| - -3
| 4
% Fe

Figure 23. Composition/Temperature/Microstructure Maps for a series of
nickel-aluminum bronzes. Each square represents a microstructure map, at -
constant temperature and aluminum levels, for nickel and iron contents between
four and six percent. The centers of each square correspond to a composition of
Cu-x% Al-5%Fe-5%Ni. (Adapted from Cook, Fentiman and Davis [13]).



VERTICAL SECTION OF THE
Cu-Al-5%Ni-5%Fe PHASE DIAGRAM

Adapted from Brezina (1982)
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Figure 24, Vertical section through the Cu-Al-5%Ni-5%Fe phase diagram. (Adapted from
BreZ}na [1]). There is very little substantive difference between this diagram and that
previously presented by Cook et al., [13}, and see Figure 22.
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VERTICAL SECTION OF THE Cu-Al-5%Ni-5%Fe
PHASE DIAGRAM -

Adapted and Emended from Cook et al. (1951-1952)
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Figure 25. Proposed vertical section of the Cu-Al-5%Ni-5% Fe phase

diagram. The diagram retains the solvus lines of Cook et al., [13], but
with a terminology which is based on that detailed in Tables I and II.

(Adapted and Emended from ref.[13])



TRANSFORMATIONS FROM THE HIGH TEMPERATURE
BETA PHASE DURING SLOW COOLING.

Emended from Culpan and Rose [16]

i

B
TRE— l
+
+

Figure 26. Schematic diagram of the transformations that can occur during slow
cooling of NAB from the beta range. The nomenclature adopted is consistent with
that shown in Tables I and II. It is assumed that the beta is fully transformed, by
diffusional mechanisms, to a mixture of alpha plus kappa phases: neither bainite
nor martensite is formed. (Emended from Culpan and Rose [16])
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MICROSTRUCTURE MAP AND CCT CURVE FOR A
Cu-8.8%Al-5.4%Fe-5%Ni-0.9% Mn ALLOY.
(SOLUTION TREATED AT 950°C FOR 1 HR.)

Adapted from Brezina (1982)
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Figure 27. Microstructure map (a) and Continuous-Cooling-Transformation (CCT) Curves
(b) for a Nickel-Aluminum Bronze (NAB). The CCT curves and the microstructure maps
are both "read" from "'top to bottom''. (Adapted from Brezina [1]). There are three high
tempertature "C"-Curves; for the proeutectoid alpha, the dendritic kappa two and the
eutectoid mixture. Note that o* (Figure 27a) denotes a mixture of martensite and bainite.



MICROSTRUCTURE MAP AND CCT CURVE FOR A
Cu-9.9%Al1-5.3%Fe-5.1%Ni-0.9%Mn ALLOY.
(SOLUTION TREATED AT 950°C FOR 1 HR.)

Adapted from Brezina (1982)

. 100 S —;
= ) N
g oso \
2 } N
Z 60— \ N
8 | N
S 40)— \ \
o
Eo' 20)— o \
a) ol ! [N I
— Ky ~———————=
o ———————
800 - O Ky
— -~ AY
8 P e
S 600 4 el N —_———
5 B // __x/ o :Kw
5 N
= wol- T B 773
& ~
= N
2001~ . s — — -
/ a} N
b) ol ! N E I
10} 102 10° 10 103

Cooling Time, 950°C-500°C, (s)

. . L ] | 1 | °
Water 25750 100 200 400
R S E N J

Oil 25 50 100 200 400

L 1 1 i
Air 25 50 100200400
{ | l | |
Sand Casting 30 60 120200400

PLATE THICKNESS (mm)

Figure 28. Microstructure map (a) and Continuous-Cooling-Transformation (CCT) Curve:
(b) for a Nickel-Aluminum Bronze (NAB). (Adapted from Brezina [1]). The CCT curves
and the microstructure maps both indicate that this higher aluminum-containing alloy has
a higher hardenability than the alloy shown in Figure 27. Hence, it would be easier to form
martensite in this alloy, as compared with the 8.8% Al alloy. -



ARRET REFROIDISSANT (Ar) TEMPERATURES,
AND SOLUTION TREATMENT TEMPERATURES
FOR A NICKEL-ALUMINUM BRONZE
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Figure 29a. The arret refroidissant (Ar) temperatures for Cu-Al-3 % Ni-5%Fe alloys.
These curves can be used to estimate the lowest temperatures for full solution
treatment (supercritical annealing). A 9.5% aluminum bronze would require a
temperature somewhat in excess of 930°C. (Data abstracted from Brezina [1])



DEFINITION OF SUBCRITICAL, INTERCRITICAL
AND SUPERCRITICAL ANNEALING.
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Figure 29b. Subcritical, intercritical and supercritical annealing of a
9.5% Al, NAB. A subcritical anneal is equivalent to a tempering
treatment: a supercritical anneal to a solution treatment.



PERCENTAGE EUTECTOID MICROCONSTITUENT
AS A FUNCTION OF ALUMINUM CONTENT FOR
SLOW COOLING.

100 | 3 \

% Eutectoid
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Figure 30. Percentage of the eutectoid microconstituent as a function of the
aluminum content. (Data abstracted from the CCT and pumaps of Brezina [1],
and for sand castings of 200mm thick plate), The first four datum points relate
to hypoeutectoid alloys, whereas the 12.5% Al alloy is hypereutectoid. The 11.5%
and 12.5% alloys contain both the & + k and o + ¥ eutectoid products. The data
also suggest that alloys with less than ~8 % Al will contain little or no o + ¥

eutectoid. ‘



KAPPA THREE PARTICLES IN ASSOCIATION
WITH PROEUTECTOID ALPHA GRAIN
BOUNDARIES IN A LOW-A]l NAB. -
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Figure 31. Light micrograph of a slowly cooled, low-aluminum NAB. No
- eutectoidal mixture is observed, However, there is a large number density of K11
particles at the grain boundaries.



Vol% Microstructure

SCHEMATIC MICROSTRUCTURE MAP FOR A
Cu-9.5%Al-5%Fe-5%Ni ALLOY.

00— — P
0} © ® © 00
60| o
40— "
20— <o
e | B | N |
o 10° 10! 107 10° 10* 10° _
| oc'/ / \ . \ \a + (oK)
s | a'l + O(B o+ 051 '
k o + Otl +- ((X‘H(HI)
a'l + ocB + QL

Cooling Time, 950°C-500°C, (s)

Figure 32. Hypothetical microstructure map for NAB, showing a complete range
of transformation products from martensite (o)) at the highest cooling rate (6),
to the equilibrium volume fraction of proeutectoid o plus the eutectoid mixture
of o + Xy atslow cooling rates (1), In "'theory", six "unique" microstructures
can be obtained by continuous cooling alone, these being:

(1) Proeutectoid Alpha + Eutectoid

(2) Proeutectoid Alpha + Eutectoid + Martensite.
(3) Proeutectoid Alpha + Martensite

(4) Proeutectoid Alpha + Martensite + Bainite.
(5) Martensite + Bainite.

(6) 100 % Martensite.

In practice, however, it is not feasible to produce 100% Martensite



PROEUTECTO

ID ALPHA AND HIGH-ALUMINUM

MARTENSITE IN A NAB WELD.

Figure 33. Light micro
in a weld.

graph of proeutectoid ¢, and high-aluminum martensite



PROEUTECTOID ALPHA AND HIGH-ALUMINUM
MARTENSITE IN AN INTERCRITICALLY ‘
ANNEALED NAB

Figure 34. Light micrograph of proeutectoid & and high-aluminum martensite
in material which had been intercritically annealed and subsequently
oil-quenched. :



PROEUTECTOID ALPHA, BAINITE AND
HIGH-ALUMINUM MARTENSITE IN AN
INTERCRITICALLY ANNEALED NAB

Figure 3. Light micrograph of proeutectoid o, bainite and high-aluminum

- martensite in material which had been inter ritically annealed and

subsequently air-quenched.



