chemical composition of the material in the diffusion zone ensures a gradient in interatomic
spacing which reduces the inter-atomic mismatch strains within the diffusion zone. This
reduces the chance for adhesive failure of the material within the hardened diffusion zone
from the substrate and results in a hardened layer that is more resistant to abrasive wear
[17].

Numerous diffusion coating techniques have been developed over the last century but the
oldest, and still the most commonly used, is the pack or solid cementation process. In this
process the diffusing agent is in form of a powder composed of three components; i) the
metal powder to be diffused into the substrate, ii) a halide compound that facilitates the
diffusion process, and iii) a filler material that controls the kinetics of the diffusion process.
The material to be surface hardened is embedded in the agent powder and is heated up to
the diffusion temperature. At this temperature, the halogen-carrying compound
decomposes, and the halogen part forms a metal halide gas with the metal that is to be
diffused into the substrate. When this gas adsorbs on the surface of the substrate it releases
the metal atoms and the halogen part then returns to its original activator composition to
repeat its task of transferring metal atoms [7]. Fig. 2.5 summarizes this mechanism.

Activator: AX) .“\
."’“\L AXg o Ag + Xg Reaction of Halide with
) Thermal Decomposition Diffusion Element
of Activator Mg + X@ © MXg

D’mlsion Element: MO y

M + AXisory — MX + Aqorg ;
%(‘n Transportation
%, \M _ via Gas Diffusion
Oiliilsion /7/ () MX(g) P
Solid State Diffusion .

Solid State Diffusion into Adsorption of Transportation
Subsurface Regions and Deposition of Metallic Gas at Substrate Surface
Reaction with Elements Elemest.an Surace MX@Y + Ag © My + AXg)

of Substrate

Figure 2.5: General mechanism of pack cementation (adapted from [7]).
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Figure 3.1: Inconel® 718 samples (a) button sample; (b) disc and pin wear test
sample; (c) disc dimensions; (d) pin dimensions.

3.1 Thermal Treatments

The polished Inconel® 718 samples were then subjected to two thermal processes i) age
hardening (aging) and/or ii) pack boronizing. The order of the processes was changed to
investigate the effect of the combined processes on the overall hardness and wear resistance

of the alloy. The following five conditions were considered:

% AB: In this condition the samples were first aged and then boronized.

% BA: In this condition the samples were first boronized and then aged.

% SAB: In this condition the samples were simultaneously aged and boronized.
#% JB: In this condition the samples were just boronized and not aged.

#% JA: In this condition the samples were just aged and not boronized.

For simplicity, these conditions will be referred to by their abbreviations. The Aging and

Boronizing thermal treatments are described below.

3.1.1 Aging Treatment

Aging thermal treatment was performed according to ASTM A1014-03 and
ASTM B 637-12 [3, 9]. The samples were heated in vacuum (6.6 x 107 torr) up to 718 °C
for 8 hours, followed by slow cooling (100 °C/hr) to 620 °C, held at this temperature for
another 8 hours, and cooled in air to room temperature. The aging thermal
treatments were performed in an Ipsen vacuum induction furnace located at

Surface Heat Treat and Coating Co. in Hamilton, Ontario (Fig. 3.2).
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Figure 4.4: SEM micrographs of coating surface at 1000X; (a) JB,
(b) AB, (c) SAB, (d) BA.

4.1.3 Chemical Composition of the Coating

As a precursor to our assessment of the chemical composition and phase identification
within the various boride layers, X-ray diffraction analysis was performed on the starting
Ekabor® Ni powder that was used as the pack in all the boriding treatments performed in
this study. While the exact chemical composition of the Ekabor® Ni powder is classified,
previous researchers have analysed its composition with X-ray diffraction analysis and
have reported that it contains little or no SiC but contains CasB and traces of KBF4 powders
[2]. Fig. 4.7 shows the indexed X-ray diffraction peaks obtained from a backscattered
analysis of the Ekabor® Ni powder. The powder is composed of B4C, SisB, CaF2, and

Ni20s. This composition is substantially different than what was previously reported [2].



Figure 4.5: Unetched optical micrographs of the uniform boride layer
on samples from the (a) JB, (b) AB, (c) SAB, and (d) BA conditions.

(2) (b)

Figure 4.6: Optical micrographs of the chemically etched boride layer
on samples from the (a) JB, (b) AB, (c) SAB, and (d) BA conditions.
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Table 4.2: Average boride coating thickness for different conditions.

e B e se e

Dispersed Zone 295 25.6 15 15.1
Grain Boundary Zone 245 32.8 9.9 20.3
Overall 54.0 58.4 24.9 35.4

Similar to described mechanism in Fig. 2.5, in this Ekabor® Ni powder mixture, the BsC
and SieB act as the boron carrying agent, the CaF. acts as an activator to encourage the
decomposition of the carrying agents and the precipitation of nickel- or iron- borides, while
the Ni»Os is a filler powder. The presence of silicon in the Ekabor® Ni powder results in
the possibility of NixSiy precipitation during the subsequent boriding process.
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Figure 4.7: Indexed X-ray diffraction profile of the Ekabor® Ni
boriding powder.

Indexed X-ray diffraction peaks of the borided layers (JB, AB, SAB, and BA) are shown
in Fig. 4.8. These profiles indicate that a variety of nickel-/iron-borides,
chromium-/molybdenum-borides, nickel-silicides, and nickel-oxides are present in the
borided layer of the samples and the phases present are dependent upon the boriding/aging

treatment.

Fig. 4.9 shows SEM WDS X-ray boron and silicon composition maps of the polished
planes perpendicular to the various borided surfaces. A notable finding shown in these
figures is that nickel silicides appear on the top surface of the boride layer under certain

boriding conditions (particularly the AB condition).



30

25

20 A

Counts
by

40

359

30 A

25’4

Counts

15 4

10

Figure 4.8: X-ray diffraction profiles of borided surface of samples in various boride conditions: (a) JB; (b) AB; (c) SAB;
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Figure 4.9: SEM WDS X-ray composition maps of aged and borided Inconel® 718 samples reveal the presence of boron and

silicon in the borided layer.
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Fig. 4.10 shows more details of chemical analysis in the boride layer of the AB condition.
These observations reveal that the boride layer is actually composed of two sections; i) a
thin, 2-4 pum thick, nickel silicide layer at the top (Compound Zone) and ii) a thicker
underlying nickel-/iron-/chromium-boride layer (Dispersed Zone). X-ray point analyses
indicate that the amount of nickel in the upper region (i) is 80% while it is about 40% in

the lower region (ii), and about 52% in substrate Inconel® 718.

Figure 4.10: SEM BSE image (a), and WDS map of AB sample for (b) Ni,
(c) Cr, (d) Si, (e) Fe.

Fig. 4.9 indicates that the thickness of the nickel silicide region is very dependent upon the

boride/aging condition and, in some cases no nickel silicide region appears despite the fact



