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Microstructures of titanium-aluminides 
produced by laser surface alloying 
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The microstructures of Ti-AI layers (from 43-80 at %AI) produced by laser surface alloying of 
titanium substrate with a powder feed technique have been investigated. The laser processing 
parameters were; 1.8 kW laser power, 3 mm beam diameter, 7 mm s-a traverse speed, and 
values of powder flow rates of aluminium ranging from 0.07-0.11 gs -~. The microstructures 
were dendrites of 0~ 2 and interdendritic regions of 0~ 2 + y in the Ti-43 at%AI alloy; dendrites of 
either 0~ 2 or 0~ 2 + y with interdendritic y in the Ti-50 at%AI alloy; dendrites of ~2 + Y with 
interdendritic y in the Ti-55 at%AI alloy; single phase y in the Ti-60 at%AI alloy and TiAI 3 
dendrites and AI solid solution in the interdendritic regions in the Ti-80 at%AI alloy. The 
microstructures were fine and comparable to those produced by other methods of rapid 
solidification processing. The microstructures of the Ti-50 and Ti-55 at%AI alloys were 
in agreement with the existence of the peritectic reactions: L + [3-* ~ and L + 0 ~ 7 ,  in the 
Ti-AI system. 

1. Introduction 
Intermetallic compounds based on titanium, such as 
Ti3A1, TiA1, and TiA13 have attractive properties for 
high temperature applications including good oxida- 
tion resistance, low density, and high modulus. How- 
ever, the use of these aluminides in practice is limited 
by poor ductility and formability. 

Recently, rapid solidification processing of 
titanium-aluminides has shown the possibility of 
obtaining fine structures with small scale segregation 
[1-4]. For example, Whang et al. [1] prepared foils 
of 40 gin thickness by a hammer and anvil quenching 
technique. The microstructural analysis showed a 
mixture" of ~2 + Y in the range 49-56 at %A1, and 
single phase y in the range 56-62 at %A1. The grain 
size was 2-3 gm as compared with 60 ~tm in the 
conventional alloy. The microhardness was 480 Hv at 
56 at %A1 and 350 Hv at 62 at %A1. Graves et al. [2] 
have carried out atomization of Ti-50 at %A1 alloy 
using a rotating electrode process under a helium 
atmosphere. The microstructures were single phase ~z 
in the finest powder and a mixture of ~2 + Y in most of 
the other powders. The proportion of ~2 compared to 
7 decreased as the particle size increased; at particle 
sizes larger than 60 ~tm, y became the dominant phase, 
and this was attributed to the decrease in cooling rate 
with increase in particle size. Melt spinning of 
Ti-50 at %A1 alloy was studied and the structures 
were compared with those obtained by atomization 
[3]. The results showed dendrites of ct z and inter- 
dendritic y; during annealing, the ~2 decomposed 
to a lath structure consisting of ~2 + Y. Recently, 
Hall and Huang [4] have prepared Ti-A1 alloys (from 
46-70 at %A1) by melt spinning. The results indicate 

the formation of meta-stable phases in most of the 
ribbons studied. For example, single phase y has been 
observed in Ti-60 and Ti-65 at%A1 alloys with 
APBs in some grains; the interpretation was given 
that a combination of high A1 content and high 
cooling rate resulted in the solidification of disordered 
fc c TiAl which then ordered to TiAI upon cooling. 

A previous report by the authors on the use of a CW 
CO2 laser and powder feed technique has shown the 
possibility of obtaining Ti-A1 alloyed layers with a 
range of compositions [5]; the dimensions and the 
compositions of the alloyed zone were closely related 
to the processing parameters (eg, power, beam dia- 
meter, and aluminium powder flow rates). Micro- 
structural features of some alloyed zones containing 
up to 36 at %A1 have been recently investigated [6]. 
Martensitic structures with various morphologies 
were observed and APBs within the martensitic 
regions were also detected in the high aluminium 
content (Ti-23, Ti-30, and Ti-36 at %A1) alloys [63. 

The results reported here cover further structural 
investigations on another set of alloyed layers with 
aluminium contents between 43 and 80 at %. 

2. Experimental procedure 
A 2 kW COz laser and a powder feed technique with 
an effective argon shrouding device, were used to 
produce a series of Ti-A1 alloyed layers. The experi- 
mental procedure and processing parameters were as 
described previously [5]. After laser processing the 
alloyed layers were sectioned transversely and metal- 
lographically prepared by grinding (from 120-1200 grit), 
polishing with alumina (from 5-0.5 ~tm), and etching 
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with a solution of 2% HF, 10% HNO3, and 88% 
distilled water. Scanning electron microscopy (SEM) 
linked with an energy dispersive spectrometer (EDS) 
was used for structural and compositional analysis. 
Thin foils were prepared for transmission electron 
microscopy (TEM) and scanning transmission elec- 
tron microscopy (STEM) by cutting a thin slice 
~ 1 mm thick parallel to the surface of the laser 

alloyed zones, The slices were ground down mechan- 
ically to ~ 100 lam and discs of 3 mm diameter were 
obtained using a spark erosion machine. Electropol- 
ishing was carried out using a twin jet apparatus 
employing a solution containing 10% sulphuric acid 
in methanol at 18V and at a temperature of - 3 0  ~ 
The areas examined were estimated to be at approx- 
imately mid-depth position of the alloyed zones. 

Microhardness measurements, typically totally 
around 8, were made along the width and across the 
thickness and an average value of each alloyed layer 
was calculated. 

3. Results 
3.1. Composition and hardness 
The compositions and the hardnesses of the alloyed 
layers studied are presented in Table 1. EDS X-ray 
analysis on each alloyed zone showed reasonable 
homogeneity (scatter within -Y-1 at %A1). Analysis 
performed on two alloyed layers showed an oxygen 
content of ~ 2300 p.p.m, as compared with the value 
of ~ 1300 p.p.m, in the CP Ti used as the substrate. 

T A B L E  I Compositions and hardnesses of Ti-A1 alloyed layers, 
1.8 kW, 3 mm, and 7 mm s-  1 

Sample No. Powder flow rate Average Average ~ Hv -T 10 
(g s -  1) A1 (at %) 

1 0.071 43 525 
2 0.073 50 480 
3 0.076 55 450 
4 0.083 60 300 
5 0.11 80 350 

3.2. S t ruc ture  
3.2.1. Ti-43 at %AI 
The microstructure of this alloyed layer as observed 
by optical microscopy showed a featureless planar 
zone with a sharp interface between the alloyed zone 
and the substrate (Fig. la). Epitaxial growth from the 
substrate was not detected and no martensitic struc- 
ture was observed. SEM micrographs using back- 
scattered electron imaging on a polished sample 
showed dendrites and interdendritic regions (Fig. lb) 
with an average primary dendrite arm spacing of 

5 gm. EDS using SEM showed that the aluminium 
contents in the dendrites and in the interdendritic 
regions were 40 and 46 at %A1, respectively. TEM 
examination showed that the dendrites contained 
APBs of size ,-~ 50-100 nm and had a h c p crystal 
structure with superlattice reflections consistent with 
the ~2 (Ti3A1) structure; the regions between the den- 
drites showed a lamellar structure consisting of a 
mixture of ~2 + ~ (Fig. l c). The ~, phase was in the 
form of thin plates between ~2 with spacings less than 
25 nm, and containing no APBs. STEM EDS X-ray 
microanalysis of the regions between the dendrites (~z 
+ ~ lamellae) showed an average aluminium content 

of 47 at %A1, while the composition ranged between 
38-41 at %A1 in the dendrites. 

3.2.2. Ti-50 at %AI 
The microstructure of the surface alloyed layer con- 
taining Ti-50 at %A1 is shown in Fig. 2a. A planar 

Figure 1 T i - 4 3 a t % A l  alloyed layer: (a) optical micrograph; 
(b) SEM-BSI  micrograph; (c) TEM micrograph bright field showing 
dendrites ~2 and interdendritic ~z + ~. 
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Figure 2 Ti-50 at %AI alloyed layer: (a) SEM-BSI micrograph; (b) TEM micrograph bright field showing dendrites % + y and interdendritic 
7; (c) diffraction pattern taken from the dendrites, zone axis is [0001]~2#[111Iv and (21 i-0)~//(110)v , (~2 reflections indexed); (d) TEM 
micrograph dark field using (01 ]-0)~, reflection; (e) TEM micrograph bright field showing ~2 dendrites and interdendritic 7; (f) TEM 
micrograph bright field showing a mixture of % + 3, at the interface between ~2 and ?. 

zone (featureless by optical microscopy) was seen at 
the interface between the alloyed zone and the heat 
affected zone changing to a dendritic structure away 
from the interface. Scanning electron microscopy 
using backscattered imaging showed that  the extent of 
the planar  zone ranged from 10-20 gm and the den- 
drites following the planar  zone had an average pri- 
mary  spacing of 5 gm and an average secondary arm 
spacing of  less than 2 gin. Composi t ional  analysis 
carried out (using point  analysis) on the pr imary 
dendrites, secondary dendrites, and interdendritic re- 

gions recorded values of  47.5, 49, and 53.5 at %A1, 
respectively; the average composi t ion of  an area 5 lam 
x 5 pm including the dendrites and interdendritic 

regions was 50 at %A1. 
T E M  analysis showed that some of the dendrites 

consisted of  an % + 7 lamellar structure of spacings 
ranging from 10-50 nm (Fig. 2b) while the inter- 
dendritic regions consisted of 7 phase. A selected area 
diffraction pat tern (SADP) of  an interdendritic region 
was indexed as fc  t crystal structure while it showed a 
mixture of  % and Y in the dendrites. The diffraction 
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T A B L E  II EDS X-ray analyses of Ti-50 at %A1 alloy on the bulk 
sample and on the thin foil, 1.8 kW, 3 ram, and 7 mms  1 

Position SEM AI (at %) STEM AI (at %) 

Primary dendrites (~z + 7) 47.5 48 
Secondary dendrites (e~z) 49 48.5 
Interdendritic 7 53.5 53.8 

pattern from the dendrites (Fig. 2c) showed that the ~2 
and 3̀  have the orientation relationship 

[0001]~2//[111]v and (2T10)~J/(1 i0)~ 

This relationship has been found previously [7]. Dark 
field imaging using an ~2 reflection showed the pre- 
sence of ~2 between the 3̀  plates (Fig. 2d). 

Other dendrites showed an ~2 structure containing 
APBs (Fig. 2e) and interdendritic regions consisting of 
3 ;̀ the interface between the dendrites and the inter- 
dendritic regions showed a mixture of ~2 and 3' 
(Fig. 2f). STEM analysis showed similar average 
values of aluminium content in the dendrites which 
consisted of lamellar ~2 + 3̀ , and in the dendrites 
which showed ~2 only (Table II). The dendrites which 
contained only ~2 showed spacings of --~ 2 gm where- 
as the spacings of the dendrites with lamellar ~2 + 3̀  
were ~ 5 pm; the former are interpreted as secondary 
arms and the latter as primary dendrites. 

3.2.3. Ti-55 at %AI 
The microstructure of the Ti-55 at % AI alloy showed 
similar features to those observed in the Ti-50 at %A1 
alloy but with a smaller volume fraction of dendrites 
(Fig. 3a). TEM examination (Fig. 3b) showed thatal l  
the dendrites consisted of a mixture of ~2 + 3̀  lamellae 
with interdendritic regions consisting of 7; a high 
density of dislocations was observed especially in the 
interface regions between the dendrites and 3̀  regions. 

3.2.4. Ti-60 at%AI 
Fig. 4a presents a scanning electron micrograph taken 
from the central part of the Ti-60 at %A1 alloyed 

zone. The structure was nearly single phase with a 
grain size of about ~ 5 gm. The grains were columnar 
adjacent to the interface with the substrate and were 
equiaxed in the remainder of the zone. Compositional 
analysis showed that the aluminium content was uni- 
form in the grains with an average value of 60 at %A1 
corresponding to TiA1. X-ray diffraction showed 
many peaks which were indexed in agreement with the 
data from TiA1 in the literature [8], Examination by 
TEM showed dislocations in the 3̀  grains (Fig. 4b) and 
thin layers identified by STEM analysis as TiA13 were 
occasionally observed between the 3̀  grains (Fig. 4c). 
Electron diffraction patterns from the 3, grains exhi- 
bited reflection spots in addition to the 3̀  reflections. In 
general, the intensities of these extra reflections were 
weak (Fig. 4d) and dark field imaging using these 
reflections was not successful. The presence of extra 
reflections in Ti-60 at %A1 alloy coexisting with the 
3̀  reflections has been reported before [4] and inter- 
preted as due t o t h e  formation of a long period 
superlattice series. 

3.2.5. Ti-80 at %AI 
A typical structure of the Ti-80 at %AI alloyed layer 
as revealed by SEM is shown in Fig. ha. Dendrites 
were observed with an average spacing of about 5 gm. 
SEM-EDS showed that the aluminium content was 
constant in the dendrites (74 -T- 1 at %). X-ray diffrac- 
tion showed that most of the peaks corresponded to 
TiA13 phase and to A1. TEM examination showed that 
the dendrites were TiA13 while the interdendritic re- 
gions contained a high density of dislocations. STEM 
analysis showed that the dendrites were TiA13 while 
the interdendritic regions were a solid solution of A1 
containing Ti up to 1.6 at %. 

4. Discussion 
4.1. Solidification front morphology 
In the present Ti-AI alloyed layers, zones of featureless 
appearance adjacent to the unmelted substrate have 
been observed; such zones have been previously re- 
ported in a range of laser processed alloys, including 

Figure 3 Ti-55 at %A1 alloyed layer: (a) SEM-BSI micrograph; (b) TEM micrograph bright field showing ~2 + Y dendrites and interdendritic 
y. 
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Figure 4 Ti-60 at %AI alloyed layer: (a) SEM-BSI micrograph; (b) and (c) TEM micrographs showing y grains; (d) diffraction pattern of u 
grain, zone axis is (0 ]- 0) y. 

13-Ti alloys. These have been interpreted as the prod-  
uct of p lanar  solidification due to high G/R ratios (G: 
t empera ture  gradient,  R: rate of solidification) in the 
laser melt  pool,  par t icular ly at the beginning of freez- 
ing. With increasing distance from the substrate  and 
with associated decrease in G/R ratio, cellular/dendri-  
tic solidification occurs. However ,  in work  by the 
authors  [6] on laser surface Ti-A1 alloyed layers in the 
composi t ion  range 17-36 at %A1, these solidification 
modes  were not  metal lographical ly  observed,  since 

Figure 5 Ti-80 at %AI alloyed layer: (a) SEM-BSI micrograph; 
(b) TEM micrograph bright field showing TiA13 dendrites and 
interdendritic region; (c) TEM micrograph dark field using (0 0 2)A~ 
showing dislocations in the interdendritic regions. 
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they were masked by the occurrence of martensite 
formation during solid state cooling. 

4.2. Correlation of microstructures 
and phase diagram 

The cooling rates achieved during solidification and in 
the solid state, which depend, on alloyed zone dimen- 
sions, have not been calculated. However; on the basis 
of previous work on titanium alloys [5], the observa- 
tion of dendrite arm spacings of ~ 5 lam in the 
Ti-43 at %A1 alloyed zone indicates a cooling rate 
of the order of ~ 10 3 ~ s- 1 which is not enough to 
cause diffusionless solidification; therefore the micro- 
structures can be interpreted on the basis of the binary 
Ti-A1 phase diagram. The diagram as assessed by 
Murray [9] shows the peritectic reaction: L +  13--* 3̀  
at 1753 K, whereas the recent work of McCullough 
et al. [10] has shown the existence of two peritectic 
reactions: L + 1 3 ~ a t  ,-~1760K and L + a ~ 3 `  
at ~ 1740 K (Fig. 6); the latter work must be con- 
sidered in relation to the alloy layers in the range 
43-55 at %A1. 

According to both the Murray and McCullough 
diagrams, the solidification of the Ti-43 at %AI alloy 
commences with 13 dendrites; at equilibrium at room 
temperature both diagrams show the composition to 
be in the ~2 + ~? phase region. With rapid solidi- 
fication cored 13 will form and according to the 
McCullough diagram, the peritectic reaction 
L + 1 3 ~  will occur, producing ~ containing 

47 at %AI which transforms to ~2 on cooling. The 
abserice of ~, in the original 13 dendrites indicates that 
the cooling rate is sufficiently rapid to prevent 3̀  
formation. However, the interdendritic regions were 
found to contain ,-~ 47 at %A1, the ~ having decom- 
posed into ~2 + 7. The structure could also be inter- 
preted on the basis of the Murray diagram. 

In the Ti-50 at %A1 alloy, primary solidification 
should involve a small proportion of ~ dendrites 
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Figure 6 Part  of the Ti-AI phase diagram as reported by Murray  
[9] ( - - )  and Mceu l lough  [10] ( -  - -)  -superimposed. 
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according to the Murray diagram. The observed 
structure however showed a substantial proportion 
of dendrites (Fig. 2a) which is consistent with the 
McCullough diagram which predicts at as the primary 
phase. The interdendritic regions (found to be 3̀  con- 
taining 53 at %A1) are consistent with the peritectic 
reaction L + ~ ~ 3' shown in the McCullough dia- 
gram. On rapid cooling the ~ transforms to ~2 + 3' in 
the primary dendrites (,,~ 47.5 at %A1) while in the 
secondary dendrite arms containing ~ 49 at%A1, 
only ~2 is found, but with some decomposition to ~2 
+ 7 at the dendrite/?, interfaces. It is not understood 

why y precipitation from a is not observed in the 
secondary dendrites of higher A1 content than the 
primary dendrites and thus providing greater super- 
saturation: the ~2/3` interfaces, however, provide sites 
for local formation of lamellar ~2 + 3̀ . 

The Ti-55 at %A1 alloy showed a smaller amount of 
primary dendrites which decomposed to form a lamel- 
lar ~2 + Y structure as in the primary dendrites of the 
Ti-50 at %A1 alloy. The solidification and solid state 
cooling in the two alloys is therefore similar. The 
sequence, including the difference in the proportion of 
dendrites (~ phase) is consistent with the McCullough 
phase diagram, but not with the Murray diagram. 

Solidification of the Ti-60 at %A1 alloy (Murray 
diagram) occurs to form primary 3' grains and under 
equilibrium conditions the structure is single phase; 
however, with rapid cooling, enrichment of the liquid 
in aluminium leads to the L + 3`-~ TiA13 peritectic 
and to the observed intergranular layers of TiA13. 

The Ti-80 at %A1 alloy lies in the region of the 
phase diagram in which primary solidification of 
TiA13 dendrites is followed by the peritectic region of 
the liquid with TiAI3 to produce A1 (solid solution). 
The equilibrium solid solubility of Ti in A1 is only 
,-~ 0.05at%, but Kerr et al. [11] have shown that 

with relatively high cooling rates, supersaturated alu- 
minium solid solution nucleated above the peritectic 
temperature. In the present work, the STEM analysis 
value of ~ 1.6 at %A1 in the interdendritic regions 
may be partly due to some dendrite areas rich in Ti 
being included in the analysis. However, the effect may 
be an indication of supersaturation. 

4.3. Hardness/structure relationships 
Fig. 7 shows the hardness as a function of aluminium 
content, including a value for an alloy containing 
36 at %A1 [12]. The highest hardness, which corres- 
ponds to 43 at %A1, is associated with a structure 
which is predominantly ordered ~2. In the 50 and 
55 at %A1 alloys, there are increasing proportions of 
lamellar ~2 + 3' structure, while at 60 at%A1, the 
structure is entirely single phase V. The fine domain 
structure of at2 is interpreted as a dominant strength- 
ening mechanism. 7 phase, although ordered, does not 
show domains and is of relatively low hardness. The 
TiAI3 structure in the 80 at %A1 alloy is also ordered, 
but showed no domains, and is of lower hardness 
(300Hv--Table 1) than 0~ 2. 

It is of interest to note that the hardness values 
reported [1] (Fig. 7) differ from the present results 
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Figure 7 Variation of average hardness with average A1 content for: 
(A) laser surface Ti-A1 alloyed zones; (0)  rapidly quenched Ti-AI 
alloys [1]; (�9 and as-cast Ti AI alloys [12]. 

in that they show a progressive increase in hardness 
of rapidly quenched Ti-A1 alloy in the range 

40-57at%A1; the cooling rate employed was 
105-106 ~ s-1 which is higher than in the present 

work and the structures were reported to consist of ~z 
and 7. 

The results of Bumps et al. [13] on as-cast alloys 
show a similar trend to the present results in the 
relevant composition range. However, the hardness 
levels are lower in the range where a2 + ? structures 
exist. The higher values in the present work may be 
attributable to structural refinement (grain and 
domain sizes), and, possibly, the present alloys may 
have higher oxygen contents. 

5. Conclusions 
Optical, SEM, TEM, and STEM examinations have 
shown that by the use of CO 2 lasers and powder feed 
technique, rapidly solidified Ti-A1 alloyed layers can 
be produced over a wide composition range. The 
phases present in the compositions 43-80at%A1 
were: dendrites of ~2 and interdendritic regions con- 
sisting of ~2 + 7 in the Ti-43 at %AI alloy; dendrites 
of either ~2 or ~2 + Y and interdendritic regions of 3' in 

the Ti-50 at %AI alloy; dendrites of 0~ 2 + 7 and inter- 
dendritic y in the Ti-55 at %A1 alloy; single phase 7 in 
the Ti-60 at %A1 alloy, and TiA13 dendrites and A1 
solid solution in the interdendritic regions in the 
Ti-80at%A1 alloy. The microstructures of the 
Ti-50 at %A1 and Ti-55 at %A1 alloys are consistent 
with the occurrence of the peritectic reactions 
L + 1 3 ~  and L + ~ 7  and not the reaction 
L +  J3~7. 
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