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In-situ reactive synthesis of the NizAl
intermetallic compound and subsequent diffusion
bonding with different steels for surface coating
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The NizAl intermetallic compound has been in situ reaction synthesized from elemental
powders to form a surface coating material and then diffusion bonded with three
representative steels, i.e. a carbon steel, a stainless steel and a tool steel, in order to
improve the high-temperature corrosion and wear resistance of these conventional
materials. The as-reaction-formed intermetallic has been found to have an unstable
crystalline structure. Diffusion-induced recrystallization takes place in the region close to
the interface during subsequent diffusion bonding. A conformable contact between the
as-reaction-formed intermetallic and the steel substrate is essential for subsequent
interfacial bonding, which can be achieved by heating the as-reaction-formed intermetallic
up to a high temperature to allow local melting to wet the interface prior to diffusion
bonding. During diffusion bonding via an annealing step, an interdiffusion zone is formed
and its thickness depends mainly on annealing temperature and duration. As a result of
the microstructural development at the interface during annealing, different interfacial
properties, i.e. a hardened interface or a softened one, can be obtained. The current
success in coating the steels with the intermetallic opens up a new way to broaden the
applications and prolong the service life of a wide range of conventional materials.
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1. Introduction nal pressure to aid in the densification of the reaction-
In recent years, intermetallic compounds, especialljormed product. In comparison with the conventional
those based on aluminides, have received lots of atsintering process starting with prealloyed powders, the
tention in view of their great potential to be used asmajor advantage of reactive sintering is the flexibility
structural materials, thanks to their low density, ex-in adjusting the end composition of the reacted product
cellent oxidation resistance and high strength at elto meet the requirements of properties. Another advan-
evated temperatures [1-3]. Many efforts have beetiage is that the sintering temperature needed to initiate
made to characterize these materials in microstructhe reaction is much lower and the sintering time much
tures and mechanical properties and also to search f@horter than for conventional sintering, thereby cutting
cost-effective techniques to fabricate the materials intgrocessing costs. SHS is actually similar to reactive sin-
end products [4, 5]. Due to the high melting points tering and the only difference lies in that only a limited
of these intermetallics, powder metallurgy (PM) tech-part of a green compact is heated to initiate the reaction.
niques become favourable ones to prepare these mate-While a lot of work has been done to understand the
rials with conventional sintering or reactive sintering or possibilities and the mechanisms of timesitu reac-
self-propagating temperature synthesis (SHS) [6-10live synthesis of intermetallics and intermetallic matrix
Among these processes, reactive sintering is of moreomposites to prepare bulk materials for structural ap-
interest, which starts with mixed and compacted elplications, little has been known on tiresitu reactive
emental powders and ends up with a synthesized insynthesis as applied to coat the conventional materi-
termetallic compound or even an intermetallic matrixals for the applications where both high-temperature
composite. Furthermore, itis possible to apply an extercorrosion resistance and wear resistance are required.
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The advantages of intermetallic coating are obviOUSTABLE 11 Chemical compositions of the substrate materials used in
just considering the broadened possibilities to use thée present work
conventional materials in harsher environments anq .
. . .. ubstrate material
the prolonged service life of the existing components

c Si  Mn Cr Ni Mo V Fe

There are however two main challenges lying on thecarbons steel ST.37 04 — 10 — — — — bal
way to the success in intermetallic coating on the conStainless steel 316 ~ 003 1.0 2.0 175 13 25 — bal
ventional materials such as steels: one being proced§°! steel PG3-2365 032 03 03 30 — 28 05 bal

development and another being the design of material

systems to ensure strong bonding between the reaction-

formed surface layer and the substrate materials. gjffusion bonding with the intermetallic. Their nominal
The present work is part of a study to explore the POStompositions are given in Table |1

sibilities toin-situ synthesize intermetallic compounds

from gas-atomized elemental powders for surface coat-

ing and to control the microstructures and mechanical

properties across the interface between the reactior2.2. Mixing and compaction of the powders

formed intermetallic compounds and various substrat&he elemental powders were loaded in a cylindrical

materials. Theinitial consideration has been confined t@ontainer to half full by volume and mixed with a Tur-

thein-situsynthesis of the monolithic Bl intermetal-  bula mixer for 60 min. For the experiments of pressure-

lic and diffusion bonding with different types of steels, less reactive synthesis/diffusion bonding, the mixed

i.e.acarbon steel, a stainless steel and atool steel. Focpswders were poured onto groove-shaped steel sub-

has been placed on the understanding of the microstrustrates and cold compacted with an Amsler press at

tural development of the reaction-formed intermetallic,a pressure of 420 MPa for 2 min. For the experi-

the compatibility between the intermetallic and the sub-ments of diffusion bonding aided with external pres-

strates, and the interfacial microstructure and mecharsure, the mixed powders were compacted into tablet-

ical properties of the diffusion couples. It is hoped thatshaped samples with a diameter of 8 mm and a thickness

the results of the present work are of use in laying aof 5-6 mm under a pressure of 400 MPa.

solid basis on which a complete set of fabrication pro-

cedures can later on be developed for a wide range of

intermetallic coatings on various substrate materials. . . . .
2.3. Reactive synthesis and diffusion

bonding
2. Experimental details 2.3.1. Without external pressure
2.1. Characterization of starting materials The experiments of reactive synthesis and diffusion

In the present work, a nickel powder and an aluminiumPonding without external pressure were performed in
powder, supplied by Sherritt in Canada and Metalloys? Vacuum Industries Systems \(II furnace at a vacuum
in the UK, respectively, were used as the starting malével of 6x 10-" mbar. Two heating schemes were ap-
terials for the coating. The as-received powders wer®li€d: (i) continuous heating across the reaction tem-
first subjected to the analyses of oxygen, hydrogen anferature zone (620-65C) up to an annealing temper-
nitrogen concentrations, since these gases adsorbed 8fre for diffusion bonding, and (ii) heating across the
the powder particle surfaces would be released durt€action temperature zone up to a temperature slightly
ing heating prior to the combustion reaction betweerfPove the melting point of the intermetallic, soaking
nickel and aluminium. Stfilein OSA-MAT, H-MAT for a short time and cooling down to an annealing
and NSA-MAT gas analyzers were used to measuréémperature fpr difquion bonding. It was found that
the contents of oxygen, hydrogen and nitrogen in thdhe s_cheme (i) p_rowded a _better contact between the
powders, respectively. The results of the analyses ar@actlon-formeq intermetallic and the stee_l substrates.
presented in Table I. The sizes and size distributions of @l the experiments, the samples were first heated at
the elemental powders were measured with a Malver@ rate of 20C/min to 300°C, soaked for 15 min to re-
2600 master particle sizer. The mean sizes of the pow0Vve a zinc Seferate Iubrlca_nt (which had been m_lxed
ders are included in Table . The powder particles werd" the powders for the convenience of cold compaction),
all spherically shaped. and then heated at a rate o_ff{IDto higher tempera-
Three commercially available steels, namely a cariures. In 'the experiments with the scheme ('||), the in-
bon steel, a stainless steel and a tool steel, were used{grmetallic samples on the carbon steel, stainless steel

the present investigation as the substrate materials fé#d tool steel substrates were heated to 1400, 1380 and
1400°C, respectively, and soaked for 5 min for local

melting. It should be noted that the heating tempera-
TABLE | Concentrations of oxygen, hydrogen and nitrogen, as welltyre of the NjAl-stainless steel couple (138Q) was
as the mean particle sizes of the elemental powders used as the starti%&:tua”y lower than the meIting point of Ml- How-
materials for the coating in the present work . .
ever, a good interfacial contact was created probably
Oxygen Hydrogen Nitrogen Mean particle due to the relatively low melting temperature of the

Powder  (ppm) (ppm) (ppm) sizeun) stainless steel. In addition, the experiments of the dif-
, fusion bonding between the reaction-formedAiin-

N 5900 28.0 400 >0 termetallic and the tool-steel substrate were performed

Al 2700 245 50 7.7 p

at an annealing temperature of 12@for 0.5, 2, 4,
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8 and 18 h to determine the kinetics of the diffusion Frsmae : v 2 .
process. Also the annealing at 1000, 1100, 1200 ar &% »‘, P e L Y - i "
1300°C for 4 h wasapplied in an attempt to establish e . | 4

the diffusion mechanism and the relationship betwee 3-
temperature and diffusion rate.

» . g
2.3.2. With external pressure | ‘,‘ P
The tablet-shaped Ni-Al compacts were first placec ¢ e > ; %
in zirconium oxide containers and heated in the vac g% 2 i €

uum furnace across the reaction temperature zone up '*,7'"‘!;- 9 : _
700°C for reactive synthesis and immediately coolec :}&;“.ﬁ s S . [T L TR
,~,‘\l y > ..\' -‘Y ¥

down. The reaction-formed intermetallic was then ho A B0 $|
mogenized at 1100 for 5 h. Diffusion bonding with & AN SYEN
the carbon steel was carried out at 10GGor 100 hin 3 hor i o’ ( .C’_‘\
a vacuum furnace at a vacuum level 0ck30°® mbar " * : N ~ y
under an external pressure of 2 MPa. The process ter F5% PN k- 'f"‘ Sl |
peratures were controlled withiti2°C. Heating and & e o F5T% L D ﬁ, 0t
cooling rates were 300 and 600/h, respectively. _ 7 -y a R .;’r-- 1- |
. - N " 4 v v’.l -
' A 5 <'2.[ 4 iy 1
> it ‘ ."'.,

2.4. Microstructural analyses , X 200 pm
An X-ray diffractometer with a cylindrical texture cam- e ‘.. —

era was used to characterize the crystalline thin film
of the reaction-formed intermetallic. A Neophot-2 op- " *§
tical microscope (OM) with differential interference =
contrast was employed to examine the cross-sectiol,
of the reaction-formed samples at different proces<
ing steps and under different treatment conditions. Th -
OM samples were either just polished or subsequentl
etched with a solution consisting of 75% HCl and 25%
HNOs. The as-reaction-formed intermetallic as well as’ S0
the diffusion couples of the NAI-carbon steel, NjAI- '_ 3>
stainless steel and pl-tool steel after diffusionbond- = = =
ing at 1200 C for 2 h were also examined with a Jeol +
JSM 840A scanning electron microscope (SEM) afte
a gold-deposition procedure.

Figure 2 Optical micrographs taken from the diffusion couple {Nli
carbon steel) following continuous heating to 13@and holding for
2 h, showing the locally bonded interface.

2.5. Microhardness testing

Microhardness measurements were made of the reac-
tion-formed NjAI intermetallic, the substrate steels
and the interfaces of the diffusion couples after dif-
fusion bonding to obtain hardness profiles across the
Figure 1 X-ray diffraction pattern with superdiffraction lines, indicating interface and to assist in understanding the diffusion
the reaction-formed intermetallic with the ordene@NizAl structure. process in these diffusion couples.
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Figure 3 Optical micrograph taken from the diffusion couple {NI-

carbon steel) following 1400C/5 min and 1200C/2 h, showing the
bonded and densified interface.

2.6. Interface thickness measurement and
electron probe microanalysis g
The thicknesses of the diffusion layers on both sides&
of the interface were measured with OM and describe
as a function of the temperature and time of diffusionfS ==
bondingviaan annealing step. At least twenty measure F ~
ments at randomly chosen positions across the interfag#
were taken to yield an average value. The chemical cor#
centration profiles of the principle elements at the in-i4
terface were determined with SEM plus a Tracor EDS T Y,
(energy dispersion spectroscopy) microprobe and use & .
to estimate the interface thickness.

3. Results and discussion

3.1. Microstructural development in the
reaction-formed intermetallic and at
the intermetallic/substrate interface

X-ray diffractometry showed that the &®situ-reac- -

tion-synthesized NAI intermetallic from the elemen- J(B), 2

tal powders did not have the exact microstructures or

e

_—

e e

phases in accordance with the phase diagram. ThiSgure 4 Optical micrographs taken from the diffusion couples of (a) the

non_equ”ibrium state was however Changed durinq:igAl-tool steel following 1400'C/5 min and 1200C/2 h, and (b) the

subsequent annealing for a long time in order to izAl-stainless steel following 1380C/5 min and 1200C/2 h, showing
a . . 9 . 9 . the interfacial bonding.

create proper diffusion bonding at the interface be-

tween the intermetallic and the substrate. Furthermore,

the as-reaction-formed intermetallic had an unstabléermediate phases or residual elemental powders could

crystalline structure with pores, which was modified be detected in the reacted and annealed\Niample.

through recrystallization occurring also during subse- To obtain strong interfacial bonding and the desired
guent annealing. mechanical properties of a diffusion couple, it is impor-
Fig. 1 shows an X-ray diffraction pattern obtained tant to have a completely conformable contact between

from areaction-formed NAI sample after annealing at the substrate and theMil intermetallic whichign-situ

1100°C for 5 h. The superdiffraction lines indicate the formed through the combustion reaction at a relatively

presence of the ordergd-NizAl structure. No otherin-  low temperature, i.e. between 620 and 660 It was
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found that right after the intermetallic formation the in- contact. Nevertheless, for the reaction-formed samples
terfacial contact was usually not good because of théaving local, direct contacts with the substrates, good
volume changes involved in the reaction. In some casegliffusion bonding with the steels could be achieved.
there was even no contact atall so that the whole piece dfig. 2 presents the optical micrographs taken from the
the reaction-formed intermetallic sample could easilydiffusion couple (NsAl-carbon steel) prepared through
be separated from the substrate. Subsequent annealiogntinuous heating up to 130G and annealing for 2 h
for diffusion bonding, as applied in the heating schemefor diffusion bonding, i.e. the heating scheme (i). After
(i) could not yield any improvement in the interfacial such a treatment, only a small part of the reacteg®Ni

sample had a good contact with the substrate and at
such a location a fully densified interfacial layer was
developed, as can be seen in Fig. 2. This densified in-
terfacial layer appeared to have been built up by pushing
pores to its front on the intermetallic side, see Fig. 2b.
The thickness of the interfacial layer as a function of
annealing temperature and time will be discussed later.
In order to ensure a conformable contact over the
whole interface between the reaction-formedAlin-
termetallic and the substrate prior to diffusion bond-
ing, a special heating scheme was developed, consisting
of continuous heating passing the reaction temperature
zone up to a temperature slightly above the melting
point of NizAl, holding there for a short time (5 min)
and then cooling down to an annealing temperature, i.e.
the heating scheme (ii) as detailed in Section 2.3.1. of
this communication. In such a way, a good wetting and
contact between the newly formed intermetallic and the
substrate throughout the interface could be achieved.
Due to the short holding time at the high temperature
(5 min), the local melting of the intermetallic was yet
quite limited and could not exert a marked influence on
the thickness of the interfacial layer. As will be shown
later, this thickness is controlled mainly by the param-
eters of annealing for diffusion bonding, i.e. tempera-
ture and time. An interfacial layer with a thickness of
2—-4um was observed in the samples after heating up to

Figure 5 SEM micrograph showing the variations in grain size and den- 14000(—? and holding there for 5 min without subsequent
sity at the interface as a result of the diffusion-induced recrystallization.an neallng.
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Figure 6 Microhardness profile across the interface of thgAlicarbon steel couple following 140@/5 min and 1200C/2 h.
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Figure 7 Microhardness profile across the interface of thgAWistainless steel couple following 138C/5 min and 1200C/2 h.

550

—L+— Hv for 5P
—®— Hy for 25P

Microhardness, Hv
&

150 T T T T T T T
-150 -100 -50 0 50 100 150

Distance, yum

Figure 8 Microhardness profile across the interface of thgAWtool steel couple following 1400C/5 min and 1200C/2 h.

However, such a heating scheme could have an inFig. 2b was 1300C. This difference in annealing tem-
fluence on the microstructure in the vicinity of the in- perature is responsible for the observable difference in
terface, especially on recrystallization and densificathe thickness of the interfacial layer. It is thus clear that
tion there. The interface between thgfliintermetal-  the heating up to the high temperature before diffu-
lic and the carbon steel following the heating schemesion bonding can lead to a higher overall density of the
(ii) involving annealing at 1200C for 2 h is shown in  reaction-formed intermetallic and furthermore the re-
Fig. 3. In comparison with Fig. 2b, we can see a muchsultant local melting can facilitate further densification
higher overall density of the reaction-formedsNi  of the material near the interface, which is related to re-
compound than that of the intermetallic without expe-crystallization occurring during subsequent annealing.
riencing local melting. Moreover, the thickness of theWith the heating scheme (ii), good interfacial bond-
fully densified layer at the interface is much larger. Iting, similar to that in the NjAl-carbon steel couple,
should be noted that the annealing temperature of thevas achieved with the other substrate materials. Fig. 4a
sample shownin Fig. 3was 1200 while that shownin shows the interfacial bonding of the Pal-tool steel
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Figure 10 Optical micrograph showing the microstructural change
across the NjAl-stainless steel interface.

Figure 9 Optical micrographs showing the martensitic structure formed
at the NgAl-carbon steel interface.

Figure 11 Optical micrograph showing the microstructural change

couple after soaking at 140C for 5 min followed by  across the NjAl-tool steel interface.
annealing at 1200C for 2 h. Fig. 4b shows another
example of the interfacial bonding between thgMi
intermetallic and the stainless steel, after soaking fothat different recrystallization and densification events
5 min at 1380C and then 2 h at200°C. have occurred during diffusion bonding. Along with

The microstructural development of thresitusyn-  the diffusion process at the interface during annealing,
thesized NJAI intermetallic is closely related to the the recrystallization of the reaction-formedsNI in-
diffusion process at the interface. Fig. 5 shows its chartermetallic could be initiated at the interface and pro-
acteristic microstructure with several layers, suggestingeed, which involved the nucleation of new grains and
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Figure 12 Chemical concentration profiles in the interfacial layer of the diffusion couplgX(Niarbon steel) after annealing at 12@Dfor 2 h.
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Figure 13 Chemical concentration profiles in the interfacial layer of the diffusion couplgA(Nitainless steel) after annealing at 12@for 2 h.

then grain growth from the interface toward the inter-with an as-reaction-formed fine crystal structure, the
metallic. The recrystallization of the intermetallic also reaction-formed NjAl intermetallic phase with a coars-
resulted in its densification, thus changing its porousened grain structure before recrystallization, the newly
state to a fully or nearly fully densified state. Such a re-nucleated and recrystallized 4l intermetallic phase
crystallization process however did not occur through-with a fine grain structure, and the recrystallizedMi

out the whole volume of the reaction-formedsNi intermetallic phase with a coarsened grain structure. It
intermetallic, but was rather limited in the region closeis thus the diffusion-induced recrystallization process
to the interface where diffusion during annealing tookthat results in the variations in grain size and density in
place. It may thus be defined as diffusion-induced rethe intermetallic close to the interface, as can be seen
crystallization. With increasing distance away from thein Fig. 5. One can further notice from Fig. 5 that there
interface, the recrystallization became less completeds a line dotted with pores between the fine recrystal-
As a result, several layers with distinctive structureslized layer and the coarse uncrystallized layer. This is
could be discerned: the unrecrystallizecsAliphase formed by pushing pores to the front of the interfacial
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Figure 14 Chemical concentration profiles in the interfacial layer of the diffusion couplgAlMool steel) after annealing at 120C for 2 h.
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Figure 15 Chemical concentration profiles in the interfacial layer of the diffusion couplgAINiarbon steel) after annealing at 100D for 100 h
under the external pressure of 2 MPa.

layer, or more specifically, to the front of the recrystal- microstructure and the phases formed in the interdiffu-
lized material. sion zone during annealing. The results indeed showed

different interfacial mechanical properties related to

different concentrations of the principle elements and

microstructures at the interfaces in these three diffusion
3.2. Microhardness across the couples. The diffusion between the reaction-formed

intermetallic/substrate interface NisAl intermetallic and the carbon steel resulted in

The results of the microhardness measurements acrosterfacial hardening, as shown Fig. 6. The hardness
the interfaces from the reaction-formed;Hi inter-  continuously decreased from the reaction-formed inter-
metallic to the carbon steel, the stainless steel andhetallic across the interface to the stainless steel sub-
the tool steel are given in Figs 6, 7 and 8, respecstrate (Fig. 7). And the diffusion between thesNi
tively. The measured variations in hardness across th@termetallic and the tool steel led to interfacial soften-
interface could be used as an aid in determining théng, as can be seen in Fig. 8.
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= » the carbon steel, the stainless steel and the tool steel

é “«" g i o . o, had the hardness values of 200, 220 and 500 Hy, re-

o ¢ ; . - spectively. In all the cases, within the interdiffusion
‘ i BORE : & : zone from the intermetallic toward the interface, the

2 R o hardness decreased from 400 Hv to about 215-230 Hy,

‘ ‘ which might be attributed to the disordering transition

' of the intermetallic, which was related to the concentra-

: . tion changes of the principle elements occurring during
W », * diffusion bonding. After reaching a minimum at the in-
by LAEN . terface, the hardness varied in different ways, as a result
- e o Y . of the microstructural development that had taken place
™y, ) o : in the interfacial layer linked to the different substrates.
; ‘ In the NiAl-carbon steel couple, a hardness peak of
about 500 Hv, being about the same as the hardness of
the tool steel, appeared in a thin layer on the substrate
side of the interface, see Fig. 6. In good agreement with
this result, OM revealed a thin layer of the martensitic
structure there, as shown in Fig. 9. After the peak, the
hardness dropped to a stable level corresponding to the
hardness of the substrate (carbon steel). In thANi
stainless steel couple, the hardness decreased contin-
uously from the intermetallic across the interface into
the substrate. Consistently, OM showed a continuous,
smooth transition of microstructure and the growth of
grains from one side of the interface to the other with-
F‘?Ufe 16 StE';/' micrograpft‘hi”‘xlca“”g thet mlefist“ffeme”ts of chemi- gyt interruption, see Fig. 10. Both the orderedAi
;?glcfgce” rations across fhegil-carbon steel interiace, as given In - jntermetallic and the 316 stainless steel have the same
crystal structure (f.c.c.) and thus the main change in mi-
crostructure is the order/disorder transition. This tran-
sition depends on the concentrations of the principle
elementals in the interfacial layer, which is in turn de-
pendant upon the diffusion process. In theAlitool
steel couple, a minimum in hardness appeared in the
interfacial layer, see Fig. 8. The change in hardness on
the intermetallic side could be attributed to the disor-
dering of the intermetallic, while on the substrate side
the hardness would be controlled by the volume frac-
tion of the martensitic phase formed in the tool steel.
The microstructural changes across the interface of this
diffusion couple are shown in Fig. 11.

The results obtained in the present investigation in-
dicate the possibilities to achieve the desired mechan-
ical properties at the interface through proper design
of diffusion couples. A proper variation of hardness or
strength across the interface could provide an improve-
ment in mechanical properties, e.g. fracture toughness,
to the substrate material. In this regard, the diffusion
couples of the NjAl-carbon steel and the pl-tool
steel are of more interest. It is however important to
note that the interfacial properties can be adjusted by
varying annealing parameters such as temperature and
cooling rate to result in interfacial hardening or soften-
ing even with the same substrate material.

- =-=A'=..‘

Figure 17 SEM micrograph showing the microstructure developed in
the interfacial layer of the diffusion couple (Mil-carbon steel) follow-
ing annealing at 1000C for 100 h under the external pressure of 2 MPa.
3.3. Chemical concentrations across the

intermetallic/subtract interface
The reaction-formed NAI intermetallic in its fully ~ The concentration profiles of the principal elements at
densified state was measured to have a hardness valuetbé interface were determined with EDS linked to SEM
about400 Hv. Away fromthe interface, the intermetallicto assist in estimating the thickness of the interdiffu-
had decreasing hardness due to an increasing amousibn zone. Fig. 12 shows the concentration profile of
of porosity. After diffusion bonding, the substrates of the NAl-carbon steel couple which was annealed at
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Figure 18 (a) SEM micrograph and (b) EDS concentration profiles of the elements in the region of the substrate parallel with the interface of the
diffusion couple (N3Al-carbon steel) following annealing at 1000 for 100 h under the external pressure of 2 MPa.

1200°C for 2 h. It can be seen that the atomic con-tration changes at the grain boundaries. In the region
centrations of the reaction-formed intermetallic cor-approaching the interface, the recrystallized grains are
respond well to the designed composition ogAlj larger and thus less frequent fluctuations are observed.
i.e. 75%Ni+ 25%Al. The concentration fluctuations of Furthermore, from the intermetallic to the carbon steel,

these two elements in Fig. 12 are caused by the concem-thin region can be noticed where there are substantial
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centration was found to be about 2én for these three
diffusion couples which had undergone the same an-
nealing treatment, i.e. 120C for 2 h.

The EDS analysis was also carried out of the sam-
ples which were diffusion bonded with the help of an
external pressure. The diffusion couple of theMAi
carbon steel after annealing at 10@for 100 h under
a pressure of 2 MPa (without heating slightly above the
melting point of NAl) had a good interfacial contact
to allow the interdiffusion zone to establish, though not
throughout the whole interfacial area. Fig. 15 shows
its concentration profile across the interface, as indi-
cated by the line in the SEM micrograph (Fig. 16).
In this diffusion couple, the reaction product was still
NizAl, but little diffusion-induced recrystallization and
then grain growth took place due to the low annealing
temperature. As a result, more frequent concentration
fluctuations can be observed in Fig. 15, in comparison
with those in Fig. 12.

In addition, the lower temperature used in pressure-
assisted diffusion bonding resulted in a different mi-
crostructure at the interface, especially on the substrate
side (compare Fig. 17 with Fig. 3), suggesting a dif-
ferent operating mechanism of diffusion. At the lower
temperature with an external pressure, the grain bound-
ary diffusion would dominate the process, while at the
higher temperature without any external pressure the
grain boundary diffusion would only initiate the early-
stage diffusion and the volume diffusion would be a
more important mechanism for the development of the
interfacial layer. Fig. 18 shows the concentration pro-
files on the carbon-steel substrate side in parallel with
the interface. It can be seen that within the individual
grains the material is basically a carbon steel. However,
at the grain boundaries, extensive diffusion has taken
place, especially of nickel, and even an intermetallic
phase based on Edi has formed. The maximum dif-
fusion distance of nickel from the interface into the
carbon steel was found to be about 10& and thus
the diffusion coefficient could be estimated to be about
1.3 x 10~ m?/s. This value is in good agreement with
the grain boundary diffusion of nickel in iron but much
higher than that for the volume diffusion of nickel in
iron (about 22 x 10~ m?/s at 1000C) [11].

3.4. Interface thickness and diffusion
kinetics
The diffusion zone at the interface could be revealed
Figure 19 Optical micrographs revealing the interfacial diffusion layer through proper etching. An example is given in Fig. 19,
in the NigAl-carbon steel couple. clearly showing the interfacial diffusion zone in the
NizAl-carbon steel couple and allowing the measure-
ment of its thickness. The measured thicknesses of
changes in the concentrations of nickel, iron and aluthe diffusion layers on the intermetallic side and the
minium. Similar concentration profiles were obtainedsubstrate side as well as the total thickness could be
from the other diffusion couples having undergone theused to establish their relations with diffusion temper-
same annealing treatment, as shown in Figs 13 and 14ture/time. Fig. 20 shows such relations in thgAH
In those diffusion couples, however, the variations intool steel couple annealed at 12@over the durations
chemical concentration appeared to be more complifrom 0.5 up to 18 h. The thickness of the diffusion
cated, probably due to the presence of other alloyingone appeared to be a linear function of the second root
elements in the substrate steels. The thickness of thef time. In this case, the diffusion process would be
diffusion layer with dramatic changes in chemical con-controlled mainly by the volume diffusion. With such
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Figure 20 The relation between the diffusion layer thickness and time for théINool steel couple annealed at 1200.
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Figure 21 The relation between the diffusion layer thickness and temperature for 4180l steel annealed for 4 h.

a plot, the diffusion coefficient of nickel in the tool uate the mechanism of the diffusion process in these
steel could be estimated to be3% 10715 m?/s, that complicated engineering materials.

of iron in the intermetallic 4 x 107> m?/s and that

of interdiffusion 12 x 10~1* m?/s. Also the activation

energy for the diffusion process could be estimated by. Conclusions

plotting the diffusion layer thickness against annealingThe present investigation is part of a feasibility study
temperature, see Fig. 21 for the diffusion couple of theon thein-situ synthesis of intermetallics for surface
NiszAl-tool steel over the range of annealing tempera-coating on conventional metallic materials. The pro-
ture from 1000 to 130€C at an annealing time of 4 h. cedures to prepare the il intermetallic coating on
The obtained activation energy for the diffusion of iron three representative types of steels for high-temperature
in NizAl was 33 kcal/mol and that for the diffusion corrosion/wear-resistant applications have been devel-
of nickel in the tool steel 46.2 kcal/mol. Unfortunately, oped. More understanding of the microstructural devel-
little information is available to allow us to compare the opment of the reaction-formed intermetallic and the dif-
obtained values with those in the literature and to evalfusion process resulting in different microstructures and
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mechanical properties at the interface has been gainellrings about interfacial softening. These results suggest
The results obtained have allowed us to draw the folthe possibilities to obtain desired interfacial mechanical

lowing conclusions. properties according to the performance requirements
through proper design of diffusion couples.
1. The microstructure of the reaction-formed;Ali 5. The present success in coating the typical carbon

intermetallic in the front of the diffusion boundary is un- steel, stainless steel and tool steel with thgAllinter-
stable atthe early stage of the process. Recrystallizatiometallic shows a great potential to apply the technique
is initiated by diffusion at the intermetallic/substrate in- of in situreaction synthesis of intermetallic compounds
terface during subsequent diffusion bonding. and diffusion bonding to a wide range of conventional

2. Strong bonding between the reaction-formed in-materials for various applications.
termetallic and the substrate steels is the key to the
processing of intermetallic coatings. A pre-condition is
a conformable contact at the interface, which can béReferences
achieved through local melting for a short time before 1. E. A. AITKEN, “Intermetallic Compounds” (Wiley, New York,
diffusion bonding. 1967) p. 491. o N

3.Duﬂngannedk@fordﬁuﬁonbondMg,anhﬂeF 2.C.T1Lquwc.c.Kocm'WQmmmAamagmcmmm

. - X X Materials Used by the Steel Industry,” Vol. 11B (National Bureau
diffusion zone between the intermetallic and the steel  of standards, 1983) p. 42.
substrate is established. This zone can be divided int®. s. TAKEUCHI andE. KURAMOTO, Acta Metall.21 (1973)
two layers, one on the intermetallic side with the ele-  415.
ments diffused from the substrate and the other on the* J- DUSZCZYK, L. Z. ZHUANG andL. BEUKENHOUT,

. . . ' J. Mater. Sci33(1998) 2735-2743.
substr_ate side V\_/lth the elements diffused from the inter- Idem, ibid. 34 (1999) 1557.
metallic. The thicknesses of these two layers aswellas_ ;. p. LEBRAT,A. VARMA andP. J. MCGIM, J. Mater, Res.
the total thickness of the interdiffusion zone are largely 9 (1994) 1184.
afunction of annealing temperature and time. However,7- T- S. DYER,Z. A. MUNIR andV. RUTH, Scripta Metall.
the diffusion activation energy and diffusion coefficient _ Mater.30(1994) 1281. y
. . . . . 8. C. NISHIMURA andC. T. LIU, ibid. 26(1992) 381.

affect the Q|ﬁu3|on process in a given material SyStem 9. A. BOSE,B. RABIN andR. M. GERMAN, Powder Metall.
as a diffusion couple. Intern. 20 (1988) 25.

4. The microstructural development at thesAli 10.J. P. LEBRAT,A. VARMA andA. E. MILLER, Metall.
steel interface will result in different interfacial proper- ~ Trans. A23A (1992) 69.
ties, depending on the diffusion couple. In theAlt 11. w. JOST, “Diffusion in Solids, Liquids, Gases” (Academic Press,
carbon steel couple, the diffusion leads to interfacial
hardening due to the formation of a martensitic layer. In
the NigAl-stainless steel couple, the hardness decreases
from the intermetallic crossing the interface into the Received 26 August 1998
substrate. In the NAI-tool steel couple, the diffusion and accepted 29 January 1999

New York, 1960) p. 211.

3950



