PACK AND SALT BATH
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ON STEELS
Traditional, mature pack
and immersion diffusion
treatments provide the
ability to produce highperformance wear and
corrosion resistant coatings
using relatively simple,
low-cost processes.
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D

iffusion coatings obtained
using a pack diffusion
process or by immersion in
molten salt baths are relatively simple and low cost processes
that produce high performance wear
and/or corrosion resistant layers. The
coatings are formed by diffusion of
metals or nonmetals into a substrate at
elevated temperatures. Coating
processes using molten salt baths are
used to produce carbides or boride
coatings, depending on bath composition. The diffusion elements modify
the surface chemical composition and
produce new phase transformations.
Although they are relatively old techniques, they remain under-used given
their potential benefits[1].

TRD Treatment
Thermo-reactive deposition and diffusion (TRD) treatment is a process by
which a carbide-former element is deposited onto the surface of a substrate
containing carbon to produce carbide
layers of that element[1, 2]. The characteristics of these layers are high hardness and wear resistance, low coefficient of friction, good oxidation and
corrosion resistance, and a metallurgical bond with the metal substrate,
making the process very effective for
obtaining a product with excellent tribological properties[1,3].
The layers produced by TRD treatment are used for the same industrial
applications as TiC, TiN, and TiCN
coatings obtained using CVD (chemical vapor deposition) and PVD
(physical vapor deposition) methods,
with the advantage of being a simpler,
less costly processes. TRD coatings
can be produced in heat treatment
furnaces, using crucibles or metal
boxes, and in air, without requiring
special atmospheres[4, 5].
The most frequent applications for
carbide coatings are in matrix for metal
stamping, for hot and cold forging operations, in wire and tube drawing, for
aluminum pressure casting, in cutting
tools for metals and nonmetals, and

HEAT TREATING PROGRESS • SEPTEMBER 2009

for precision parts for the textile industry[3].
The VC and NbC coatings provide
the best wear performance of the TRD
coatings tested in this work. Wang
showed that a VC layer exhibited wear
resistance between 9 and 30 times
greater than that of a hardened steel[6].
Another great advantage of this
coating is that TRD processed tools can
be reprocessed to reconstruct the layer
at a later time. Arai and Harper reported that some tools were re-treated
up to eight times[1].
TRD treatments performed in borax
baths with the addition of carbideformer elements (CFEs) are referred to
as the TD (Toyota Diffusion) process.
In this process, a carbon-containing
substrate is immersed into a borax bath
containing V, Nb, or Cr to obtain layers
of VC, NBC, Cr7C3 and Cr23C6[1]. Steels
subjected to such treatment must possess a carbon content exceeding 0.3%
(by weight). The layer is formed by the
chemical reaction of the carbon in the
substrate with the CFE dissolved in the
bath[7].
If any of the dissolved elements
have relatively low carbide and oxide
free energies of formation, the B2O3 reduction reaction can occur with a subsequent release of the boron atoms,
thus enabling the formation of borides
and carbides[4]. CFEs are introduced
into the bath as ferroalloy or oxide, together with the required addition of a
reducing agent such as aluminum or
B4C[1, 8].
Boriding
Boriding is a surface treatment that
produces layers consisting of borides
of the elements in the substrate. During
treatment, the boron atoms diffuse into
the substrate and react with the metal
base, forming the boride layer. This
process can be used in a variety of materials (both ferrous and nonferrous),
and are used to produce surface layers
with high hardness, high wear resistance and low coefficient of friction. The
combination of high hardness with
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Fig. 1 — Optical micrograph of cross sections of TRD treated samples: (a) NbC layer on H13 steel, (b) VC layer on H13 steel, (c) NbC layer on D2 steel, (d) VC layer
on D2 steel, (e) boride layer on H13 steel, and (f) boride layer on D2 steel.

Table 1 — Conditions for salt bath immersion treatment
Coating

Bath composition

Temperature,
°C

Time, h

H13 and D2

NbC

16% Fe-Nb, 3% Al, Borax (bal.)

1000

4

H13 and D2

VC

10% Fe-V, 3% Al, Borax (bal.)

1000

4

H13 and D2

Borides

10% Al + Borax (bal.)

1000

4

Steel

Table 2 — Conditions for pack diffusion treatments
Steel

Coating

Powder composition

Temperature,
°C

Time, h

1060

Chromium

25% Cr, 69% Al2O3, 6% NH4Cl

1000

9

1060

Borides

82% B4C, 15% Borax, 3% NH4Cl

1000

4

low friction coefficient prevents the
main wear mechanisms[9].
The thermochemical boriding
process in a salt bath uses a boriding
medium containing a source of boron
(e.g., Na2B4O7, KBF4 or K2B4O7) and a
reducing agent (mainly B4C, SiC, FeAl, or Al). The thermochemical reduction reaction that occurs in the boriding
mixture releases elemental boron,
which diffuses into the substrate. The
boron atoms react with the metal base,
forming the boride layer[9-12].
Due to their relatively small size and
high mobility, the boron atoms can diffuse easily in ferrous alloys to form the
FeB and Fe2B compounds[11, 13]. The
formation process of the boride layer
is controlled by the diffusion of boron
through the lattice of the substrate. The
growth rate and chemical composition
of the layer are determined by the concentration of elemental boron in the
50

bath (boriding potential), the treatment
temperature, and chemical composition of the substrate[10, 12].
The phases that are formed are dependent on the chemical composition
of the substrate. In steel, the layers are
composed predominantly of Fe2B and
FeB, as well as borides of the substrate
alloys such as Cr, V, Mo and Ni[9, 14].
Borided layers may be constituted by a
single Fe2B phase or a double FeB +
Fe2B phase[15, 16]. In tribological applications, a boride layer consisting of the
single stage Fe2B is usually more desirable, since the FeB phase, rich in
boron, is more fragile[14]. The fracture
toughness of the Fe2B phase is approximately four times greater than the FeB
phase[12].
Pack Cementation Process
The pack-cementation process originally involved pack carburizing,

which is the process of diffusing
carbon into the surface of iron or lowcarbon steel by heating in a closed container filled with activated charcoal.
This process has given rise to other
pack-diffusion processes including aluminizing, siliconizing, chromizing, and
boronizing[17]. In the process, parts to
be pack coated are placed in a retort
with a mixture of metal powder of the
coating material, a ceramic powder
filler (usually aluminum oxide) to prevent sintering of the mix during high
temperature processing, and a volatilehalide activator (usually an ammonium halide) to serve as a chemical
transfer medium for the metal, and
brought up to the coating temperature.
The salt vaporizes and combines with
the coating material to generate the
transporting vapor species. When the
temperature is sufficiently high, the
coating material reacts with the salt
forming a metallic halide vapor, which
contacts the surface of the parts to form
the coating[18, 19]. Both pack diffusion
and salt bath processes create strong
metallurgical bonds between the substrate and the diffusion layer.
Materials and Methods
Following are examples of the production of wear and corrosion resistant
coatings on different steels by various
diffusion processes obtained in this work.
Samples of AISI H13, D2, and 1060
steels were cut and ground using 600
mesh sandpaper prior to diffusion
treatment. The molten borax immer-
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Fig. 2 — Optical micrograph of cross sections of pack diffusion treated samples: (a) chromium compound
layer on 1060 steel, (b) boride layer on 1060 steel.

sion treatments were conducted using
samples of the H13 and D2 steels to obtain carbide and boride layers. Pack
diffusion treatments were performed
on AISI 1060 steel to obtain boride and
chromium carbide-nitride compound
layers[17]. Compositions and treatment
conditions of each of the diffusion
media used are listed in Tables 1 and
2. To produce the TRD coatings, borax
(Na2B4O7 •10H2O) was melted, and the
carbide former element and/or
metallic aluminum was added.
Analysis by optical microscopy was
performed using a Zeiss microscope
with the interference contrast technique after etching the AISI 1060 samples with 1% nital and H13 and D2
samples with 10% nital.
Wear tests were performed using
a micro-wear machine with fixed ball
configuration without the use of an abrasive. The diameter of the ball was 25.4
mm, with rotation of 148 rpm and load
of 18.7 N. Consecutive test times of 5,
10, 15, and 20 min were used to obtain
wear scars and the volume loss curve.

Figure 2 presents the optical micrograph of the cross section of the coatings obtained using the pack-cementation process. Figure 2a shows the
chromium compound layer and Fig.
2b, the boride layer. The pack boriding
photomicrograph reveals the sawtooth morphology of the boride layer.
For pack chromizing, a homogeneous
and continuous chromium compound
layer is observed.
Microindentation hardness values
of the near-surface region for the layers
produced by TRD and pack diffusion
treatments are shown below

Results and Discussion
Figure 1a-d shows the optical cross
sections of the TRD coatings obtained
after immersion in a molten borax bath
with addition of carbide formers, and
the boride layers are shown in Fig. 1ef. The substrates included AISI H13
and D2 tool steels.
In the case of the carbide coatings,
the layers exhibited good uniformity.
The AISI H13 substrate exhibited a
martensitic microstructure, the AISI D2
steel microstructure was composed of
martensite and carbides of the alloying
elements of the steel.
In the case of the boride layers, a
boride external layer and a sublayer of
ferrite was formed on AISI H13 steel. In
the AISI D2 steel, only the formation of
the boride layer was observed. The
morphology of the boride layers in both
cases was of the saw-tooth type.

In all cases, the carbide layers exhibited high hardness comparable to that
obtainable using PVD[20, 21]. PVD layers
are expensive to produce, and adhesion to the substrate is lower than that
of the layer produced by diffusion coatings, which is due to the metallurgical
bond formation at the interface
layer/substrate.
Figure 3 shows the wear curves of
the layers obtained by salt bath immersion and pack diffusion processes
for the materials tested. Figure 3a
shows the wear curves obtained for
the coated samples and for the substrates to demonstrate the effectiveness of all the diffusion treatments to
increase wear resistances, which verifies the great increase in the wear resistance for all the diffusion coated
samples. In the case of the AISI 1060
steel substrate, wear values were not

Material / layer

Hardness, HV

H13 / NbC

2338 ±100

D2 / NbC

2353 ±92

H13 / VC

2471 ±109

D2 / VC

2461 ±93

H13 / boride

1706 ±66

D2 / boride

1717 ±55

1060 / Cr

1780 ±100

1060 / boride

1947 ±90
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Fig. 3 — Wear curves of the TRD and pack diffusion layers derived from tests using a micro-wear machine
with fixed ball configuration without the use of an abrasive.

plotted due to the high levels reached.
The layer obtained after the
chromizing treatment had a wear performance close to that the VC layers.
The wear performance of the NbC
layers was lower than that of
chromized layer, although they had
higher hardness. This is probably due
to a greater fragility.
For better comparison, wear curves
only of the coated samples are shown
in Fig. 3b. The VC layers on AISI H13
and D2 resulted in the best wear
performance. The chromium nitridecarbide compound layer presented a
wear volume close to that of the VC
layers, although the hardness of the
chromium layer was substantially
lower (1780HV) than that of the VC
layers (2461HV). The boride layers, obtained by immersion or pack processes,
showed the lowest resistance to wear
among the coated samples.
Conclusions
All the diffusion treatments produced layers with good uniformity
and high hardness levels, from 1700 to
2470HV, which are much higher than
those obtained with carbon cementation and nitriding treatments (900 to
1200HV). The layers produced showed
52

a large increase in wear resistances in
all the cases compared with the substrates. The VC layers produced on
AISI H13 and D2 showed the highest
hardness values and the best wear performance among the performed treatments. The chromized layers and NbC
layers showed intermediate wear behaviors, and the boride layers presented the highest wear among the
evaluated layers. The good results obtained in this study indicate the great
potential of all diffusion treatments
studied in this work to produce highHTP
performance coatings.
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