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Kinetics of secondary carbide precipitation in 
boron-modified cobalt alloys of MAR-M509 
type 
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The effect of boron addition, introduced in different amounts (0.01,1.48%) in heat-resistant 
cobalt-casting alloys of the MAR-M509 type, on the kinetics of precipitation of secondary 
carbides Cr23C 6 is investigated during annealing at 975 ~ for 21 h. Structure analysis of co- 
balt alloys tested in the as-cast condition and after annealing is also presented. It has been 
found that boron significantly shortens the incubation time for forming nuclei carbides of 
Cr23C6. Boron at 0.09% causes size reduction of primary phases, whereas higher boron addi- 
tions create additional boride phases of the MB type of high tungsten content. Dilatometer 
curves for the precipitation of secondary carbides Cr23C 6 in cobalt alloys of the MAR-M509 
type have been described using Wert's empirical equation, Wt = kt n. 

1. In troduc t ion  
Heat-resistant cobalt alloys are frequently composed 
of so-called ~ carbide-strengthened cobalt austenite. 
Apart from carbides there can be other phases such as 
geometrically close-packed (GCP)-T (Ni, Co)3(A1, Ti), 
rlNi3Ti; topologically close-packed (TCP)-cr(Co, Ni) 
(Cr, Mo, W), Laves Co2Ta, ~Co7W6, R(rhombohedr.) 
(Co, Cr, W, Fe), 7r(Co, Ni, Cr, W), C; nitrides (Ta, Ti, 
Zr) (C, N) and NisZr [1]. In the process of alloy 
casting these are the primary phases precipitated. 
However, as a result of annealing, or during the work 
at increased temperatures, secondary dispersion hard- 
ening phases, mostly carbides Cr23C6, are precipita- 
ted from the austenite matrix of cobalt base alloys 
[2-9]. 

Boron is a particular component of cobalt alloys. 
According to Stickler [1] its content in such alloys 
amounts to 0.0-0.1 wt.%, but there is also a cobalt- 
base alloy known to contain about 4.0 wt % B [10]. 
Boron shows a segregation tendency on the grain 
boundaries, thus reducing their energy and therefore 
improving their heat-resistant properties. For example 
the cobalt-base alloy of HS-25 has a creep strength of 
70 MPa, 10.3 x 103 p.s.i. (1000 h, 900 ~ and with 
about 0.01% B its creep strength is 95 MPa, 13.7 
• 103 p.s.i. (i000 h, 900 ~ It also influences the size 

reduction of primary phases and morphology changes 
in the heat-treatment process, as well as the course of 
the precipitation process of the secondary phases 
when the alloys are utilized. 

Moreover, borides retain their crystallographic ori- 
entation with the alloy matrix and are pliant to plastic 
strain which, combined with their great resistance to 
oxidation, determines the simultaneous increase in 
creep resistance and plasticity of their alloys [11]. 

This paper discusses the influence of different boron 
additions into MAR-M509-type alloys on the kinetics 
of the precipitation of secondary carbides, Cr23C6, in 
their matrices. 

2. Experimental procedure 
Cobalt-base alloys of the MAR-M509 type containing 
boron were obtained from pure alloying components 
in an induction crucible furnace type (type Asec-15) 
and an alundum crucible, and cast in investment 
moulds. The MAR-M509-type alloy was selected for 
the investigations because it is characterized by the 
longest time of rupture during tests for high-temper- 
ature creep [2]. 

The chemical composition of this alloy was as fol- 
lows (wt%): 23.62 Cr, 9.40 Ni, 7.0 W, 1.86 Ta, 0.20 Ti, 
1.68 Zr, 0.71 C. Five alloys of different boron content 
were received on the basis of this fundamental chem- 
ical composition. Alloy No. 1 was cast without boron 
content. 

Amorphous boron (in the powdered form) of 97% 
purity was introduced into the alloys using die stamp- 
ing. Die stamping was achieved by mixing boron 
powder with electrolytic nickel powder (50 wt % each) 
and pressing it in a die block. The die stampings were 
placed in a crucible among the pieces of graphite, 
cobalt, nickel, chromium and tungsten. By the end of 
melting process, tantalum and titanium were added 
directly, as well as zirconium as a Ni-Zr master alloy. 
The compositions of the cast alloys are given in 
Table I. 

3. Results 
Investigation of the precipitation kinetics of secondary 
carbides Cr23C 6 in heat-resistant cobalt alloys with 
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TABLE I Compositions of experimental alloys 

Alloy Compositions (wt %, balance cobalt) 

no. Cr Ni W Ta Ti Zr B C S 

1 24.33 10.15 6.70 2.67 O. 15 1.47 - 0.71 0.0030 
2 24.02 10.32 6.67 2.71 O. 16 1.48 0.09 0.71 0.0029 
3 24.30 10.60 6.62 2.70 O. 18 1.53 0.47 0.69 0.0028 
4 24.22 10.33 6.58 2.70 0.18 1.52 1.00 0.73 0.0030 
5 24.20 10.05 6.82 2.68 0.17 1.49 1.48 0.71 0.0028 

no b o r o n  content ,  and  with different b o r o n  content ,  
was carr ied  out  on specimens 4 m m  in d iamete r  and  
30 m m  in length, using an  LS24 type d i l a tomete r  with 

induct ive  sensor .coup led  with an x - y  Rick.en-Denski  
recorder .  The specimens were i so the rmal ly  annea led  
in a d i l a tomete r  furnace at  a t empera tu re  of  a b o u t  

975 ~ 

3.1. Microstructure 
The s t ructure  of the al loys in the as-cast  condi t ion  and 
after annea l ing  was examined  by opt ica l  mic roscopy  
and  scanning  e lect ron mic roscopy  (SEM) using meta l -  
lograph ic  specimens.  The me ta l log raph ic  specimens 
were p r e p a r e d  by mechanica l  -polishing and electro- 
lytic etching in 50% aqueous  H N O  3 so lu t ion  at  a b o u t  

8V. 

Figure 1 As-cast microstructure of MAR-M509-type alloys. Etch 
50% HNO3, electrolytic. Alloy no. (a) 1, (b) 2, (c) 3, (d) 4, (e) 5. 
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The structure of alloys in the as-cast condition is 
shown in Fig. 1. Better discrimination of the primary 
phases, with better contrast, was attained by using an 
electron beam Novascan 30 Type SEM (Carl Zeiss, 
West Germany). Fig. 2 shows the structure of alloy 
no. 4, observed using SEM. 

To identify the boride phases present in alloys 3 to 
5, an isolate was made from alloy no. 5. The phases 
were electrolytically extracted from this alloy ,using a 
solution of 90 cm 3 CzHsOH, 10 cm 3 HC1, tartaric 
acid (1 wt %), and an electric current of about 300 mA. 
The type of boride phase present in alloys 3 to 5 was 
identified by the Debye-Scherrer method with the use 
of CuK~ radiation. 

An auxiliary energy device, "Kevex-Ray", coupled 
with SEM was used to define the alloying elements 
that appear in the composition of borides by the 
quantitative point method. Fig. 3 shows the character- 
istic radiation spectrum for boride phase with the 
peaks from tungsten, chromium and cobalt as ob- 
served on the spectrometer monitor. 

When the structure of examined cobalt alloys in the 
as-cast condition is analysed (Figs 1 and 2) it is pos- 
sible to observe additional boride phases of the MB 
type. They can be defined as (W, Cr, Co)B if boron 
additions are above 0.1%. However, tungsten is the 

Figure 2 SEM micrograph of alloy no. 4, as-cast condition. Etch 
50% HNO3, electrolytic. 

main component of this boride (three peaks from 
tungsten, see Fig. 3). After 0.09% B is added to alloy 
no. 2, large and ramificated M23C6-type primary car- 
bides of high chromium content (Fig. la) become 
smaller and disintegrated (Fig. lb). No boride phase is 
observed in the microstructure of the alloy. MC-type 
primary carbides of high tantalum content, and 
M(C, N)-type carbonitrides of high zirconium con- 
tent, are also crumbled. 

In alloy no. 3 the increase of boron content to about 
0.47% results in the appearance of borides in its 
structure as primary separated and concentrated pre- 
cipitates (Fig. lc). Carbides and carbonitrides in this 
alloy are similar in size to those in alloy no. 1 (with no 
boron content). Further increase in boron content of 
up to 1.00% in alloy no. 4 (Fig. ld) and up to 1.48% B 
in alloy no. 5 (Fig. le) promotes the formation of a 
continuous net of borides and carbides of M23C6-type 
which crystallize together, around the matrix grains 7. 
Between these phases there are carbides of MC type 
and carbonitrides of M(C, N) type in the matrix. The 
boride phases, together with M23C6-type carbide, 
produce a continuous net in alloy no. 5 (Fig. le). 

The microstructure of alloys 1 to 5 after annealing 
at 975 ~ for 21 h in the dilatometer furnace are shown 
in Figs 4 and 5. Fig. 5 shows the structure of alloy no. 5 
as observed with the use of SEM. 

After annealing at 975 ~ for 21 h in alloys 1 to 5, 
secondary Cr23C 6 carbides precipitated in their matri- 
ces. Those carbides were identified on thin foils by 
electron diffraction and with transmission electron 
microscopy (TEM) [2]. In alloy no. 1 (Fig. 4a), Cr23C 6 
carbides are evenly precipitated in matrix y during the 
annealing (ageing) process and tiny particles are 
formed. In alloy no. 2 (Fig. 4b and b') containing 
about 0.09% B, large concentrations of tiny secondary 
Cr23C 6 carbides are visible around primary M23C 6 
carbides. Moreover, in matrix Y of this alloy Cr23C 6 
carbides precipitate at {1 1 1} planes along character- 
istic lines. 

In alloys 3 and 5 (Fig. 4c-e) secondary Cr23C 6 
carbides form even precipitates in spaces among pri- 
mary carbides. The borides present in these alloys 
undergo fragmentation and dissolution (Fig. 5a 
and b). 

2 3 4 

Energy (keY) 

Figure 3 Characteristic radiation spectrum for boride phase, observed on the spectrometer monitor "Kevex-Ray" 
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Figure 4 As-cast condition and after ageing at 975 ~ for 21 h of MAR-M509 type alloys. Etch 50% HNO 3, electrolytic. Alloy no. (a) 1, 
(b, b') 2, (c) 3, (d) 4, (e) 5. 

Figure 5 SEM micrograph of alloy no. 5, as-cast condition and after annealing at 975 ~ for 21 h. Etch 50% HNO3, electrolytic. 

3 3 8 9  
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Figure 6 Dilatometer curves of precipitation kinetics of secondary Cr23C 6 carbides. Alloy no. �9 1; ~ ,  2; 0 ,  3; [], 4; x ,  5. Annealing (ageing) 
temperature of alloys at 9.75 ~ 

T A B L E  II  Values for alloys 1 to 5 annealed at 975 ~ for 21 h 

Alloy no. k n Dn Dk c.c. 

1 0.0515 1.0219 4- 0.0973 +_ 0.0096 0.984 
2 0.2975 0.4724 4- 0.0592 + 0.0544 0.974 
3 0.2554 0.4498 • 0.0605 4- 0.0593 0.965 
4 0.2462 0.4437 _ 0.0331 _ 0.0349 0.986 
5 0.2475 0.4626 -t- 0.0345 -t- 0.0362 0.986 

3.2. The precipitation kinetics of secondary 
Cr23C 6 carbides 

The dilatometer LS-4 was used for the precipitation of 
secondary Cr23C 6 carbides in cobalt austenite :3' of 
heat-resistant casting alloys of the MAR-M509 type, 
modified by boron additions. The dilatometer curves 
of precipitation kinetics in alloys 1 to 5, t = f  
(Specimen contraction), are shown in Fig. 6. All the 
specimens were isothermally annealed at 975 ~ for 
21 h. The alloys were heated together with the dila- 
tometer furnace to about 975 ~ at about 450 ~ h -  1 
and then isothermally annealed. Dilatometer curves 
were registered on the paper tape with the indicating 
speed of 20 mm h-  1 

Dilatometer kinetics curves of secondary Cr23C 6 
carbide precipitation in the investigated cobalt alloys 
are described by Wert's equation [12]: 

Wt = kt" (1) 
where Wt is the degree of transformation (determined 
from the dilatometer curve) at annealing time t 
(0-21 h), and k and n are Constants.: 

The equation constants were computed using a ZX 
Spectrum microcomputer, by linear regression, using 
Basic. Therefore the equation assumed the following 
form: 

l ogW = nlogt  + logk (2) 

introducing log k = In kiln 10 (lnl0 = 2.302585). 
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Using Student's t-test the following values were as- 
sumed: confidence level = 0.95, significance coefficient 

= 0.05, and for the 21 independent variables (time of 
alloy annealing = 21 h) coefficient value = 2.080. 

Constants k and n, constants of standard deviations 
(s.d.) D,, D k and correlation coefficient (c.c.) were 
defined from the calculations. Their values are listed in 
Table II. 

4. Conclusions 
The influence of boron addition to cobalt-base casting 
alloys of the MAR-M509 type on the precipitation 
kinetics of secondary Cr23C6 carbides in their matri- 
ces at 975 ~ is presented. Kinetics investigations were 
extended by the examination of the microstructure of 
alloys in the as-cast condition and after isothermal 
annealing. It was found that the addition of boron of 
about 0.09% (alloy no. 2) does not lead to the separa- 
tion of new boride phases, but to the'size reduction of 
primary carbide and carbonitride phases. However, 
after annealing it promotes an uneven precipitation of 
the secondary Cr23C6 carbides in the alloy matrix. 
This level of boron (0.09%) is probably very close to 
the solubility limit of this element in the solid solution 
3'. It can be concluded from the distribution character- 
istics of the secondary Cr23C6 carbides that boron 
helps their precipitation to occur around the primary 
M23C6 carbides with high chromium content. 



0.47% B content in alloy no. 3 considerably exceeds 
the solubility limit. The MB-type borides are formed 
with a high tungsten content, which is present in the 
solid solution y. The borides precipitated in alloys 3 to 
5 are complex and can be determined as (W, Cr, Co) B. 
In alloy no. 3 they are precipitated as separate concen- 
trated phases and in alloys 4 and 5 they are eu- 
tectically crystallized together with the carbides of the 
M 2 3 C  6 type. In alloys 3 to 5 the crystallized borides 
promote the creation of a continuous net of primary 
carbides around the grains of solid solution y, and the 
s e c o n d a r y  C r 2 3 C  6 carbides are evenly precipitated in 
the matrix. 

In all alloys that contain boron (alloys 2 to 5) this 
element significantly reduces the incubation time for 
C r 2 3 C  6 carbide nucleation from about 3780 s for alloy 
no. 1 (with no boron content) to about 680 s for alloy 
no. 5 (with 1.48% B content). Moreover, boron dis- 
solved in the matrix of alloy no. 2 in the as-cast 
condition near its solubility limit, causes a super- 
saturated solution. This was demonstrated by a great 
contraction of the specimen (about 60 ~tm) after an- 
nealing at 975 ~ for 21 h. The precipitation of boride 
phases decreases the degree o f  solutioning as the con- 
traction of the specimen is smaller. 

The precipitation kinetics of secondary Cr23C 6 
carbides in the analysed cobalt-base alloys are well 
described by Wert's equation. The correlation coeffi- 
cients (c.c.) approximate to 1.0. The kinetics of second- 
ary C r 2 3 C  6 carbide precipitation for cobalt alloys of 
the MAR-M509 type with no boron content, during 
annealing at 975 ~ for 0 to 21 h may be described by 
the following: 

Wt = 0.05t T M  

In Wert's equation, boron additions clearly change 
contents k and n in comparison with alloy no. 1 (with 

no boron content). The equation of the precipitation 
kinetics of secondary Cr23C 6 carbides in alloys of the 
MAR-M509 type containing about 0.1% B dissolved 
in matrix 7 assumes the following form: 

W t = 0.3t o.4v 

and for the alloys containing more boron (above 0.1% 
B) when the primary borides of the MB type are 
precipitated, the equation is: 

Wt = 0.25t ~ 
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