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A comparison between ion implantation and 
laser alloying of pure iron for oxidation 
resistance improvement 
Part 1 Boron alloying 
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Laboratoire d'Adsorption et Rdaction de Gaz sur So~ides, ENS d'Electrochimie et 
d'Electromdtallurgie de Grenoble-INPG, BP 75, 38402 Saint Martin d'H&res, France 

We used boron implantation or boron laser alloying to increase the thermal oxidation resist- 
ance of iron. Both surface treatments are shown to have a great efficiency. The boron- 
containing phases formed at the substrate-scale interface are responsible for the observed 
protection. 

1. In t roduct ion 
The modification of  the surface properties of solids 
takes an increasing part in the field of materials 
science. For several years, energetic beams (laser, ions, 
electrons) have been used for this purpose on a lab- 
oratory stage and are now entering pilot or produc- 
tion lines [1-4]. Such beams allow easy modifications 
of surface composition without any change in the bulk 
properties of  the materials. Catalytic, optical, cor- 
rosion or wear performances can thus be adjusted. 

We have used ion implantation to increase the ther- 
mal oxidation resistance of several metals, and showed 
that in some cases the efficiency of  this treatment was 
excellent [5-9]. The aim of the work presented here 
was to determine whether, in some cases, laser alloy- 
ing could lead to comparable results. 

Ion implantation induces a mechanical mixing at 
the surface of the material, resulting also in the forma- 
tion of many defects [10, 11]. The nature of the phases 
produced is governed by the processes of  nuclear colli- 
sion and electronic stopping only. The surface alloy 
composition can thus be out of equilibrium [12-16]. 

On the other hand, the laser treatment of  a com- 
pound deposited on a metal surface leads to the melt- 
ing of  the surface. The melted layer then solidifies 
quickly. The rate of solidification is the important 
parameter controlling the alloy composition. If this 
rate is high enough, new phases out of  equilibrium can 
also be obtained [17, 18]. In this treatment, the trans- 
formed thickness (0.1 to l ram) is much more import- 
ant than in the case of  ion implantation ( < 1 #m). 

We present here experimental results concerning the 
alloying of boron into an iron matrix using these two 
techniques, and compare the effects on the high- 
temperature oxidation behaviour of iron. 

2. Exper imenta l  procedure 
2.1. Ion implantation 
Iron was supplied in the form of  foils (100#m in 
thickness) with a purity of  99.5%. Implantation was 

performed [19] at 100 keV with mono-charged boron 
ions; the beam current was 4 #A cm -2. The maximum 
dose was 1 x 10~7B+cm 2, corresponding to ~ 1.8#g 
cm -2. The temperature rise measured by a thermo- 
couple in a region of the sample masked from the 
beam never exceeded 300 ~ C during the treatment, and 
the vacuum was kept at ~ 1 x 10-6mbar (10 4Pa). 

2.2. Laser  t r e a t m e n t  
The c.w. Nd-YAG laser used in this study has been 
described previously [19]. It operates at a wavelength 
of  1.06 #m, with a maximum power of  30 W. The laser 
beam collimated to an area of 400 #m in diameter is 
fixed and the sample moves in front of it with a speed 
of  I cm sec-1. The duration of  the illumination of  a 
particular point on the metal surface is therefore 
40 msec. To prevent any deformation of the sample 
during the treatment, thick foils were used here 
(1.5 mm). No temperature measurements of the treated 
surface could be done. The maximum temperature rise 
of  the bulk of the sample was ~ 80 ~ C. 

Small grains of  boron (50 #m diameter) were added 
to pure ethanol at a concentration of 10gl -~. After 
ultrasonic mixing, the suspension was deposited onto 
the iron samples (~0 .2cm3cm -2) and the ethanol 
evaporated. The boron grains were observed to have 
a uniform distribution on the metal surface [20] with 
a coverage ratio of 20 to 30%, in good agreement with 
the calculated value (25%) (Fig. 1). A comparison of  
the respective diameters of  the beam (400 #m) and of 
the boron particles (50#m) leads to the conclusion 
that, at a given time of treatment, any boron particle 
was surrounded by a molten zone of iron. 

To prevent thermal oxidation during the treatment, 
argon was used as a shielding gas. 

2.3. Profiling experiments 
Profiling of the samples was achieved before and after 
thermal oxidation by glow-discharge optical spectro- 
metry [19]. This method allows the simultaneous 
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Figure 1 Boron grains on the iron surface before laser treatment 
(boron appears black on the photograph). 

recording of the boron, iron and oxygen profiles by 
sputtering the target. The possibility of following the 
oxygen concentration allows the precise determination 
of the position of the oxide-scale interface of the 
oxidized samples. Thickness calibrations could be 
obtained with implanted standard specimens or by 
microscopically checking the thickness of the oxide 
scales. 

3. The i ron-boron and 
i ron-boron-oxygen systems 

Two compounds, Fe2 B and FeB, appear in the iron- 
boron phase diagram [21-23]. When implanted, 
according to Sood [24], boron must be located mainly 
in interstitial positions, due to its low atomic radius 
compared with that of iron. This fact was experiment- 
ally confirmed by the work of Andersen et al. [25]. 

As boron has a very low solubility in iron, structural 
transformations are expected during boron implanta- 
tion or alloying by laser treatment. Stable borides may 
appear, but phases out of equilibrium or even amor- 
phous material [26, 27] may be observed. 

Five iron borates have been described in the litera- 
ture [28]: Fe3BO5, Fe3BO6, FeBO3, FeB20 4 and 
FeB407. 

Unfortunately, the thermodynamic functions of 
these compounds are not known and it was impossible 
to draw any stability diagram. However, experimental 
work under hydrothermal conditions [29] has shown 
that FeB407 and Fe3BO5 are stable between 450 and 
700 ~ C. It may be recalled here that Rolls and Shaw 
[30, 31] observed Fe3BOs as the oxidation product of 
a boron containing coating on iron. 

A possible diagram for the system Fe203-B203 was 
proposed by Joubert et al. [32]. In this diagram FeBO3 
is shown to decompose at 930~ to give Fe3BO6. 

4. Study of the iron samples after 
t reatment 

4.1. After boron implantation 
The profile of the boron atoms after implantation 
(concentration against depth) is given by 

C ( x )  = (2rt),/ZARv0 exp \ 2-AR-~v ,] 
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Figure 2 Boron profile after ion implantation. 
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where �9 is the implantation dose (atcm 2), Q the 
atomic density of the iron matrix (atcm-3), Rp the 
mean projected range of the ions and ARp the stan- 
dard deviation. These last values have been calculated 
by the Manning and Mueller procedure [33] to give 
Rp = 0.1525#m, ARp = 0.0845#m for an implan- 
tation energy of 100keV. The derived theoretical 
boron profile for a dose of 1 x 1017 B + c m  -2 is shown 
in Fig. 2. 

The actual profile for the same dose observed by 
glow-discharge optical spectrometry is also approxi- 
mately gaussian (Fig. 2) with measured values of 
Rp ,,~ 0.22/~m and ARp ~ 0.1/tm. The precision of 
this measurement is not very good (~  20%) but it is 
clear that the experimental values are greater than the 
theoretical ones, contrary to what is generally observed 
for sputtering of a surface by an ion beam. This fact 
is not surprising, due to the very approximate values 
of the stopping coefficients used in the calculations. It 
is well known that these coefficients are not very accu- 
rate for light ions. 

The phases which are formed during boron implan- 
tation into iron have been characterized by Ali et al. 

[34] and Kolitsh et  al. [26]. The results of this last work 
are presented in Fig. 3, and show that, under our 
implantation conditions (1 x 1017 B+ cm-2), the 
formation of amorphous FeB is expected. The amor- 
phicity may be explained by the thermal spike occur- 
ring in the elementary cascades and the high resulting 
cooling rates (--~ 10 tl Ksec l) [1]. 

In good agreement with this diagram, glancing- 
angle X-ray diffraction experiments always failed to 
identify crystallized borides, even when implantation 
was formed to a dose of 1 x 1017 B + c m  -2. 

4.2. After laser alloying 
The observation of cross-sections of samples boron- 
ized by laser alloying with a power density of 2.5 x 
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Figure 3 Stability diagram for the 
Fe-B system achieved by ion 
implantation (from Kolitsh et al. 
[26]). 

108Wm 2, and a t ranslat ion speed o f  l c m s e c  -1, 
shows three different zones (Figs 4b and c): 

(a) a near-surface  region, containing all boron,  with 
a thickness o f  20/~m (Region 3); 

(b) a coarse-gra ined in termedia te  region, melted 

dur ing the t rea tment  but  where no F e - B  mixing 
occurred (Region 2); and 

(c) the iron substrate  not  affected by the t r ea tment  
(Region 1). 

X- ray  diffraction analysis showed the presence o f  

1 2 
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Figure 4 Microscopic examination (SEM) of cross-sections of (a) iron and (b, c) boronized iron (nital etched). Region I = non-melted zone, 
Region 2 = melted zone, Region 3 = boronized zone. The arrow in (b) shows the region enlarged in (c). 
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Figure 5 Oxidation of implanted and laser-treated iron: Arrhenius 
plot for the parabolic rate constant K (mgZcm-4h 1) (oxidation 
time ~ 5 h). Precision on log K: 4- 0.2. Error bars have been omitted 
for better clarity. 

Fe2B and FeB in the boron-containing layer. Elemen- 
tary boron no longer appeared and had therefore 
entirely reacted with iron in the molten layer. Traces 
of  B203 were always observed, resulting from the 
presence of some remaining oxygen in the shielding 

gas. 
The cooling rate could be evaluated as 105 K sec-i 

under our experimental conditions, and was too low 
to induce the formation of  amorphous  phases. 

The results of  the two treatments can therefore be 
summarized as follows: 

1. Ion implantation (100keV, 4/~Acm -2, 300~ 
1 x 1017B + cm -2) leads to the formation of  an amor- 
phous phase, where the boron concentration is a 
maximum (6.3 at %) at a depth of  ~ 200 nm, and falls 
to zero at a depth of 400 nm. 

2. Laser alloying (power density 2.5 x 108Wm -2, 
interaction time 0.04 sec) leads to the formation of a 
mixture of  FeB and Fe2 B to a depth of 20 #m. In this 
region the boron concentration is ~ 40%, much higher 
than in the implanted samples. 

The results of  both treatments are therefore very dif- 
ferent. 

5. Thermal  ox idat ion  kinet ics 
Boron implantation has been shown to improve con- 
siderably the oxidation behaviour of  pure iron, as 
soon as the dose reaches 1015 B + cm 2 [9]. The observed 
protection increases with the dose and remains even 
when the corroded layer is several times thicker than 
the implanted zone. At a dose of 1 x 1017 B + cm 2 the 
protection afforded is excellent, as the weight gain 
observed on pure iron after two hours at 540 ~ C is only 
achieved with implanted samples after 100 h at the 
same temperature. This protection was observed in 
the 400 to 700~ temperature range. 

Boron alloying has also been observed to improve 
the corrosion resistance of iron in the 500 to 900 ~ C 
temperature range [20]. At 600 ~ C the protection is of  
the same order as that observed on implanted samples. 
It  is better at higher temperatures. 

5.1.  Ini t ia t ion of t he  o x i d a t i o n  
For  technical reasons, the iron foils used for implan- 
tation experiments had to be thin (the area of  lateral 
faces could be neglected), whereas those used for laser 
treatments had to be thicker. Both kinds of  iron oxi- 
dized parabolically, but some discrepancies were 
observed in the parabolic rate constants. However, the 
measured activation energies were always the same. 

As the samples boronized by the two techniques 
oxidized parabolically during a few hours (20h at 
500~ 5h at 850~ an Arrhenius diagram can 
represent the comparative results of  the two treat- 
ments (Fig. 5). It  can be seen that the rate constant for 
pure iron oxidation exhibits two different activation 
energies, whereas the constant for the oxidation of the 
samples boronized by both techniques exhibits one 
activation energy only. Table I summarizes the results. 

Boron implantation lowers the parabolic rate con- 
stant at temperatures under 600 ~ C only, whereas laser 
alloying lowers it at any temperature in the 300 to 
800 ~ C range. 

5.2.  E x t e n d e d  t i m e s  of  o x i d a t i o n  
After the initial parabolic period, the rate of  reaction 
of  the boronized samples diminishes more than 
required by a parabolic law. At this time the increase 
in the weight gain becomes very low and the protec- 
tion afforded is therefore good. This can be seen in 
Fig. 6, where the gravimetric curves concerning pure 
iron, iron implanted with 1 x 1017B + cm -2 or laser- 
alloyed iron are presented in parabolic coordinates. 
The observed blocking effect is effective over the 
whole temperature range explored (Figs 7 and 8). 

T A B L E I Oxidation of pure or boronized iron. Activation energies from the parabolic rate constants 

Temperature Activation energy (kJ mol- 1 ) 

(~ C) Pure iron Pure iron Fe + 1017 B + cm 2 Fe-B 
(0.1 mm) (1.5 mm) (implanted) (laser-alloyed) 

400 to ~ 600 85 75 221 159 
600 to 800 225 230 221 159 

Above 800 -- 230 -- 159 
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Figure 6 Oxidation of implanted and laser-treated iron: parabolic 
plots (T = 500~ Po2 = 100torr). 

The efficiency of  the t reatment  can be defined as the 
difference between the oxygen mass fixed on pure iron 
and on the boronized samples under  the same condi- 
tions. This efficiency, normalized to the weight gain o f  
pure iron, is shown in Figs 9 and 10 and is seen to be 
a max imum at low temperatures for both  treatments.  

5 .3 .  O v e r a l l  r a te  l a w  
Two successive periods have been shown to occur 
during the oxidation o f  iron boronized either by 
implantat ion or  by laser alloying: a parabolic period, 
followed by a quickly decreasing rate leading to a 
blocking o f  the reaction. The equat ion 

Am/A = k][l -- exp ( - k 2 t ) ]  (1) 

TABLE II Values of k~ and k 2 obtained by minimization of F 
(Equation 2) for the two systems 

Material T(~ k I (mgcm 2) k 2 (h 1) 

Fe B (laser-alloyed) 500 0.39 0.078 
540 0.95 0.167 
600 1.47 0.096 
700 3.06 0.162 
815 14.40 0.049 
860 19.35 0.362 

Fe + 1017 B + c m  -2 500 1.072 0.0127 
570 1.325 0.1308 
650 4.645 0.2500 
690 6.997 0.2477 

where Am/A is the mass change per unit area, t is time 
and k~, k2 are constants can fit the overall experimental 
gravimetric curves. Such a formulat ion does not  
correspond to the actual physical phenomena  but  has 
the advantage o f  describing all the rate law by a 
unique formula.  

The constants  k~ and k 2 w e r e  determined by a com- 
puter calculation [35], minimizing the expression 

tmax 

F = ~ [(Am/A)exp - -  ( A m / A ) t h e o r e t ]  2 (2) 
'min 

The values o f  kl and k2 obtained for different tem- 
peratures are reported in Table II. 

6. Nature and distr ibut ion of the 
products formed during oxidat ion of 
the boronized samples 

6.1. Oxidation of implanted iron 
Glancing-angle X-ray  diffraction experiments ( ~  10 ~ 
showed that  the nature o f  the phases formed during 
oxidat ion depended on its durat ion.  

For  low times o f  oxidation (1 h at 540~ for 
example), besides the iron oxides, the iron borate  
FeB40 7 could be identified. This c o m p o u n d  is the 
most  boron-conta in ing  of  the five known borates. 

7 
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Figure 7 Oxidation of boron-implanted iron (Fe + 
1017 B + c m  2 p o  2 = 100 torr): influence of the tem- 
perature. 
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Figure 8 (a, b) Oxidation of laser-boronized iron (Po2 = 100 torr): 
influence of the temperature. 

As the oxida t ion  proceeded,  this bora te  t ransformed 
slowly into FeB204. A t  the end o f  the pa rabo l i c  
per iod,  FeBzO 4 only was observed.  This  c o m p o u n d  
was therefore  respons ib le  for  the observed b lock ing  
effect. By g low-discharge  opt ica l  spec t romet ry  profi l-  
ing, it  was observed  tha t  this c o m p o u n d  was loca ted  at  
the meta l  oxide  interface o f  the cor ros ion  scale 

(Fig.  11). 

6.2.  O x i d a t i o n  of  l ase r -a l l oyed  i ron 
In this case also,  the na tu re  o f  the fo rmed  p roduc t s  
was dependen t  on  the du ra t i on  o f  the react ion.  

F o r  low ox ida t ion  t imes ( <  1 h at  500 ~ C), i ron  
oxides were na tura l ly  observed,  mixed  with B203, bu t  
B60 was also present  in con tac t  with the bo ron ized  

substrate .  

~ - ~ - - - - - - - - ~  o ? ~  

O i l /  , ~ �9 , 

400 600 800 T( ~ C) 

Figure 9 Normalized efficiency e = I(Am/A)Fe -- (Am/A)ve B]/ 
(Am/A)v e of the treatments for an oxidation time of 5 h. Precision 
on e values: + 0.1. Error bars have been omitted for better clarity. 
(o) Laser. (A) implantation. 

Figure 10 Normalized efficiency (e) (see Fig. 9) of the treatments for 
an oxidation time of 50 h. Precision on e values: _+ 0.1. Error bars 
have been omitted for better clarity. (o) Laser, (A) implantation. 
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Figure 11 Boron profiles after oxidation of iron implanted with 
1 x 10tTatcm -2 at 600~ and Po2 = 100torr. t = (--)0,  ( ) 
5 min, ( . . . .  ) 20 min, (--) 1 h. 

W h e n  the ox ida t ion  p roceeded  for  longer  t imes, 

B60 and  B20 3 d i sappeared ,  and  FeBO3 and  Fe3BO5 
appeared .  

I t  mus t  be observed  that  F e O  was never observed 
on the bo ron ized  samples,  even at  t empera tu res  where 
it was stable,  con t r a ry  to wha t  was observed  on  pure  

i ron (Figs  12 and  13). 
The loca t ion  o f  the bora te s  in the cor ros ion  scale 

was found  to be (i) for  Fe3BOs: near  the meta l  sub- 
strate,  and  (ii) for  FeBO3: mixed with Fe304 and  
Fe203 within the overal l  oxide scale. 

The  na tu re  and  loca t ion  o f  the p roduc t s  fo rmed  is 
c o m p a r e d  for  bo th  t rea tments  in Table  III .  

I t  is easy to see f rom this table  tha t  two ma jo r  
differences exist concerning  (a) the na ture  o f  the 
fo rmed  p roduc t s  (FeB204 for  i on - imp lan ted  i ron  or  
Fe  3 BO 5 and F e B O  3 for  laser -a l loyed iron),  and  (b) the 
loca t ion  o f  the bora tes  (near  the in ternal  interface only 
for i on - imp lan ted  iron,  in the overal l  ox ida t ion  layer  
for  laser -a l loyed iron).  

TABLE I I I  Nature and location of the products formed at the 
end of the oxidation experiments 

Implantation Laser alloying Location 

FeBzO 4 Fe3BO 5 Metal scale interface 
FeO (T/> 600 ~ C) Fe304, Fe203 Heart of the scale 
Fe304 FeBO 3 Heart of the scale 
Fe203 B203 (T ~< 650 ~ C) Heart of the scale 
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Figure 12 Microscopic examination (SEM) of oxide layers on (a) pure iron and (b) laser-treated iron, showing the absence of FeO in the 
scale growing on boronized iron. T = 815~ oxidation time 50h. 

7. Discussion 
Both surface treatments studied here have been shown 
to have a great efficiency in preventing the thermal 
oxidation of  iron. However, the similar rate-laws 
observed are the results of the growing of  very dif- 
ferent oxide scales. It is well known that the oxidation 
of iron proceeds by outward cation diffusion, and 
evidence arises from the results that the borates that 
are formed inhibit this diffusion. The comparison 
between the efficiency of the two treatments shows 
that the phase formed at the substrate-scale interface 
(FeB204 or Fe3BOs) is responsible for this protection. 

In the case of the boron-implanted specimens, due 
to the very low amount of boron involved, FeB204 is 

entirely trapped in the voids formed in the substrate 
by an internal interfacial reaction (jumping of iron 
atoms from the metal to the corrosion scale). The very 
low B/Fe ratio allows the formation of  all stable iron 
oxides. FeO is therefore normally observed above its 
decomposition temperature. 

For the laser-boronized samples, FeBO3 is observed 
throughout the corrosion scale, as a result of the high 
amount of boron introduced by the treatment. The 
reduction of this compound by FeO is possible in the 
internal part of the scale according to the reaction 
FeBO3 + 2FeO ~ Fe3BOs . 

This mechanism probably accounts for the absence 
of FeO in the scale. 

Figure 13 (a) Microscopic examination (SEM) and (b) backscattered electron image of an oxide layer grown on laser-boronized iron. Region 
l = oxide, Region 2 = melted zone, Region 3 = non-melted zone. T = 600 ~ C, oxidation time 50 h. 
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