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Abstract: The surface of specimens made of 316L austenitic steel was modified
by titanium diffusion. The diffusion coatings were obtained by packing in a
powder mixture consisting of titanium powder, NH,Cl and Al,O5; powder. The
procedure required high temperatures, over 900 °C, and long durations. Atomic
titanium was formed in the muffle during the process. Titanium atoms from the
metallic part surfaces diffuse towards the interior and a diffusion layer is for-
med as a function of the steel composition. Titanium diffusion into the surface
of 316L austenitic steel determines the formation of a complex coating: a thin
layer of TiN at the exterior and alayer consisting of compounds containing Ti,
Ni and Fe in the interior of the coating. The obtained coatings were continuous,
adherent and had a hardness higher than that of the substrate material. The
diffusion coatings were investigated by optical and electron microscopy, X-ray
diffraction and Vickers microhardness tests.

Keywords: titanium diffusion coatings on 316L austenitic steel; pack cemen-
tation method.

INTRODUCTION

In addition to a very broad field of other applications, 316L austenitic steel
with a high content of chromium (16-18 wt. %) and nickel (10-14 wt. %)1 is em-
ployed for the manufacture of bone implants, such as hip, knee and femur pros-
theses. This type of steel iswell tolerated by the human organism but after along
period of time in contact with human fluids metallic ions leach from the pros-
theses. It has been proved that hexavaent chromium ions are very toxic or even
cancerous.23 Such a drawback can be overcome if the surface of the implant is
coated with a biovitroceramic layer. The biovitroceramic materia previously stu-
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died*> possessed a thermal dilatation coefficient much lower than that of 316L
austenitic steel and closeto that of TiN (= 90x10~7 °C-1).6

In order to achieve a better adherence between the previoudy studied biovit-
roceramic and the steel, the thermal dilatation coefficients of the two materials
have to be as similar to each other as possible. This can be achieved by modi-
fying the composition and the surface structure of samples made of 316L aus-
tenitic steel by diffusion layers. As afunction of covering elements and substrate
material, the surface layers obtained by diffusion processes can be of the solid
solution type with wide miscibility domains or, otherwise, a sequence of phases
can be formed progressively according to the equilibrium diagrams. Two concur-
rent diffusion processes occur, i.e., the diffusion of the covering element or ele-
ments towards the bulk of the metallic substrate is accompanied by the diffusion
towards the surface of elements from the substrate material. Within the layer, the
mass transport is characterized by the diffusion coefficients, while layer increase
occurs according to kinetic laws specific to each phase.” Formation of these lay-
ers offers several advantages, i.e., very good adherence to the substrate, chemical
and mechanical properties superior to those of the substrate material and only
minimal dimensional changes occur. There are several methods for obtaining dif-
fusion layers. The one employed in this work, much studied in previous papers, is
that of powder packing using ammonium chloride as an activator.8-10 Using the
pack cementation method, diffusion coatings with different elements, Cr,11-13
V1314 A| 15-17 B 18 Cr_v/ 12,1319 A|_Cr,20-22 Cr—Sj 2324 and Ti,25-28 can be
obtained.

Diffusion layers are formed in two different stages. In the first stage, the
diffusive element is brought in contact with the surface of the substrate material
and in the second one, the diffusion process which follows consists of the gradual
adsorption of the diffusive element into the base material network of the sub-
strate. In the case of the powder mixture packing method with NH4Cl as the
activator, the diffusive element is formed as a result of a chemical reaction in the
gaseous state. In general, the mechanism for supplying the diffusive element is as
follows. The gaseous phase consists of halides, especially chlorides. Several
types of reactions can occur in which a BX» halide of a metal frees the diffusive
element B so that it can diffuse into the substrate metal A. These reactions can be
represented schematically as;10
Change reaction:

A +BXpg &= AX2+B Q)
Reducing reaction:
BX2g) + H2==2HX +B 2
Thermal decomposition reaction:
BX; — B +X» (©)
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The change reaction implies the removal or displacement of an A atom from
the surface of the base material for each deposited B atom. For A and B atoms
with similar atomic masses, this reaction produces only minimal changes of the
sample weight regardless of the thickness of the diffusion layer. The other two
reactions lead to a weight increase of the treated material. The possibility for
these reactions to occur can be inferred from some thermodynamic
considerations. The concentration of the B element deposited on the metallic
substrate A depends on the partial pressure of the gaseous compounds at the
treatment temperature, P;, and activities, g, of both the deposited material B and
the base metal A. If the equilibrium condition for free energy, AG®, is applied:

AG® = —2.303RT log K§’ (4)

for the formation of BCl, and ACI, halides, reactions (5) and (6), then the
equilibrium constants, K, are:

Pecl,

B + Cl, == BCl» Kog =——2 (5)
agPc,
p
A +Cly == ACl, K =2 ©6)
aa Py,
and for the interchange reaction (1):
agp
BCl,+A > ACL+B  KS =292 =K 8, /K, @)
a Pecl,
Log K51 = log Kga —log Kgs (8)

For layers where ap = ag at the surface, a difference of —1 units in equation
(8) means that ~ 10 % of the metal chloride vapors are converted into the co-
vering metal in an atomic state. A difference of —2 units represents a conversion
of =~ 1 %, which is the minimum for a practical interchange reaction.10

The goa of this work was to obtain titanium diffusion layers on the surface
of 316L austenitic steel specimens by the pack cementation procedure. The dif-
fusion layers obtained in this manner modify the surface properties of the stedl.

EXPERIMENTAL

The 316L austenitic steel samples used as substrates were in the form of small plates with
dimensions of 10 mmx10 mmx3 mm. The chemical composition of 316L steel is given in
Tablel. Prior to the thermochemical treatment, al the plates were ground on a set of 240-280
mesh emery papers and degreased in acetone. There were weighted before and after the treat-
ment with a precision to the fourth decimal (104 g).

The powder mixtures consisted of the following substances: 99.9 % (Merck purity) tita-
nium powder with a 150 um granulation, 99.5 % aluminum oxide with a 125 um granulation
and p. a. ammonium chloride. The ammonium chloride was dehydrated and finely ground be-
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fore preparation of the mixtures. 3 wt. % NH4Cl was used in all the experiments. The titanium
and aluminum oxide powders were employed in various concentrations. The working condi-
tions for the sampl e treatment are shown in Table 1.

TABLE |. Composition and thermal dilatation coefficients of 316L austenitic steel

Composition C Cr Ni Mn Mo Si P S N Fe
wt. % 0.03 16-18 10-14 20 2-3 0.75 0045 0.03 010 Upto100
Thermal 159 (0100 °C)
dilatation 162 (0-315°C)
coefficient, 175 (0538 °C)
ax107/°Ct

TABLE II. Working conditions for different treatments
Powder mixture composition, wt. %
Ti Al,Os NH,4CI
77 20 3 1000; 1125; 1150; 1200 2;5,75

t/°C t/h

Powder mixtures together with the samples were placed in refractory steel crucibles with
a 25 mm diameter and 50 mm height. Only one sample, placed exactly in the middle of the
crucible, was treated at atime. The powder mixture was compacted carefully around the sample
so that the latter was uniformly covered. The crucible was filled up to the upper end, covered
with a metallic lid and placed in a ceramic crucible in order to protect the ceramic wall of the
furnace. A L-1206 M type furnace with a horizontal hearth and a Kanthal electrical resistance
provided with a Chromel-Alumel thermocouple with a precision of the maintaining the tem-
perature in a stability regime of 2 °C was employed.

After treatment, the samples were cleaned, degreased in acetone and prepared for exami-
nation. They were mounted in methacrylate in the cross section and ground on 240-1200
mesh emery papers and a felt impregnated with Al,03 emulsion (0.75 and 0.25 um). The sur-
faces prepared in such a manner were etched with Vilella reagent (1.0 g picric acid, 5.0 cm3
concentrated HCI and 95 cm?3 ethanol).

Optical microphotographs were taken by means of an optica M.C.1.M. microscope
provided with an Exacta Vares camera.

An SEM Hitachi-S 2600 instrument equipped with a dispersive energy spectroscope (EDS)
was used for qualitative and quantitative analysis. Images of secondary electrons (SEM) and
XKa-raysfor Ti, Cr, Ni and Fe were obtained.

In order to identify the phases and compounds formed within the diffusion layer, the
samples were examined by X-ray diffraction with a DRON-20 instrument using CuKal
radiation (1 = 1.54178 A).

Vickers microhardness values of both the layer and the metal substrate were measured
with a Hannemann hardness meter provided with a diamond pyramid with an angle of 136°
between the facets?® and calculated using the Relation:

P
HVp =18544— ©)

where P is the penetration force (in the present case, P = 100 df), ¢ is atransforming factor (a
micrometric division is equal to 0.2907 um) and d represents the number of micrometric di-
visions corresponding to the microhardness indent diagonal. The values of the Vickers micro-
hardness, HVp, are expressed in Kgf/mmZ.
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RESULTS AND DISCUSSION

The samples titanized under conditions when the powder mixture contained
77 wt. % titanium and treated at temperatures of 1000, 1150 and 1200 °C for 5 h
are shown in Figs. 1-3, respectively. The diffusion layers were continuous, uni-
form, very adherent to the metallic substrate and had a thickness between 30 and
350 pm.

Fig. 1. Optical microphotograph of a cross
section of a sample titanized in a powder
mixture with 77 wt. % Ti at 1000 °C for 5
h; Vilella metall ographic etchant.

Fig. 2. Optica microphotograph of a cross
section of a sample titanized in a powder
mixture with 77 wt. % Ti at 1150 °C for 5
h; Vilella metall ographic etchant.

Fig. 3. Optica microphotograph of a cross section of a
sample titanized in a powder mixture with 77 wt. % Ti at
1200 °C for 5 h; Vilella metall ographic etchant.
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The variation of the layer thickness with temperature is shown in Fig. 4,
from which it can be seen that the variation follows an exponential law typical
for a diffusion process. The variation of the layer thickness with time at a con-
stant temperature, 1000 °C, follows a parabolic law, as can be seen from Fig. 5,
this being another proof for the fact that the layers formed with the participation
of adiffusion process.

Rank 1 Eqn 1320 Iny=a+bx®+cx%%
r?=1 DF Adjr?=1 FitStdErr=5.7956533e-06 Fstat=8.4698842e+14
a=-12.058402 b=8.6109796e-10

350 ‘/
300 /

250 /

200 /

150 /
100 /

50
0

Thickness, um

Fig. 4. Variation of the layer thick-
0 250 500 750 1000 1250 nesswith temperature (diffusion time
Temperature, °C 5h; 77 wt. % Ti).

Rank 2 Eqn 8104 [Form2_] y=a(1-1/{1+abXx])
r’=1 DF Adj r’=1 FitStdErr=1.767587e-15 Fstat=2.6138654e+32
2=66.666667

100
a0
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50 -
40
30
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1g Fig. 5. Variation of the layer thick-
3 10  nhesswith time (temperature 1000 °C;

0 2 4 6 .
Time. h 77 wt. % Ti).

Vickers microhardness measurements are listed in Table I1l. The indent size
on the layers was much smaller than that on the austenitic steel substrate (Fig. 6).

The distribution of titanium within the layer and the main elements, Cr, Ni
and Fe, that underwent thermochemical treatment of the sample at 1150 °C for 5 h
was well evidenced by SEM and EDS (Figs. 7-11).

From Fig. 7, it can be seen that titanium diffused not only into the coating,
but, in alower concentration, also into the substrate.

Thickness, um
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TABLE I1l. Vickers microhardness (average of at least 5 measurements) of different layers
and substrate (77 wt. % Ti; 1200 °C; 5 h)

Zone HVp / Kgf mm-2 (P = 100 gf)
Layer (exterior zone, thin, light color) 849
Layer (interior zone, thicker) 475
Substrate of 316L austenitic steel 158
Untreated 316L austenitic steel 203
-

e
s

3161
substrate

Fig. 6. Vickers microhardness
imprints on a cross section coating—
substrate, penetration force P = 100 of
(77 wt. % Ti; 1200 °C; 5h).

Fig. 7. SEM Secondary electron image
of across section of a sample titanized
in a powder mixture with 77 wt. % Ti
at 1150 °C for 5 h.

O | Jei2

Fig. 8. Image of X- ray KaTi; x1200; Fig. 9. Image of X- ray KaCr; x1200;
(77 wt. % Ti; 1150 °C; 5h). (77 wt. % Ti; 1150 °C; 5h).
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[ i

Fig.10. Image of X- ray KaNi; x1200; Fig. 11. Image of X- ray KaFe; x1200;
(77 wt. % Ti; 1150 °C; 5h). (77 wt. % Ti; 1150 °C; 5h).

It may be seen by examining Figs. 8 and 9 that titanium almost replaced
chromium in the coating. Figure 10 shows that nickel concentrates in the inner
layer. The distributions of iron in the coating and substrate do not differ signi-
ficantly (Fig. 11).

The X-ray diffraction analysis of the surfaces of the samples proved the for-
mation of the TiN compound (Fig. 12), afact that isin concordance with the high
Vickers hardness value, HVp = 100 gt = 849 Kgf/mm?2, obtained for the exterior
layer which was formed by diffusion with the reaction process. The TiN com-
pound was distributed into the matrix of the layer. If the exterior layer would be
formed only of the TiN compound, it would be thinner and much harder. The in-
ner layer is much thicker and possesses a Vickers hardness lower than that of the
outer one, but higher than that of the metallic substrate (Table I11). The value of
the hardness was constant through the entire thickness of the inner layer. This
fact proved that this layer was formed also by diffusion with the reaction process.

TiN
2 ASTM 6 - 642
d=2.111 i
2.12 - 100 {200) a=4.223
a=4222
TiN
36.90
L1 ey |
& 1.496 -55 (220) 2.144-27159(111) ‘_
g a=4.223 : ‘
k| TiN ‘
- TiN
s : ‘
iR l
. ! [
‘,«“u:a W =) .‘J!_"['\ﬁ“' % ; |\,¢” " |
J\ } J’ H ! \
e B i
i ! \ A
\ - \ = .
o L I e v W e L il

Figure 12. Diffractogram of the exterior layer of a sample titanized at 1150 °C for 5 h;
77wt. % Ti. (dand ain A).
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The nature of the compound was different from that in the outer layer. By cor-
roborating the data of the optical micrograph (Fig. 2), electron micrographs (Figs.
8-11) and the microhardness measurements (Fig. 6), it was concluded that the
interior layer isformed of a Ti—Ni—Fe compound.

CONCLUSIONS

1. Specimens of 316L austenitic steel used in implantology for manufactu-
ring prostheses were subjected to thermochemical treatment by titanium diffusion
in order to obtain surface coatings.

2. As afunction of the variation of the process parameters, temperature and
duration, diffusion layers with a thickness between 30 and 350 um were obtained.

3. All coatings obtained at temperatures higher than 900 °C consisted of two
Zones:

— an exterior zone, thin and lightly colored, formed of TiN and with a hard-
ness approximately 5 times higher than that of the metallic substrate;

— athicker inner zone formed of a Ti—-Ni—Fe compound. The hardness value
of this layer was approximately 3 times higher than that of the metallic substrate
with the constant value throughout the whole thickness.

Acknowledgement. The authors thank Mr. Gabriel Dumitrescu for performing the optical
and electron photo images.

U3BOJ

IMMPEBJIAKE HA AYCTEHUTHOM YEJIUKY HACTAJIE JU®Y3UJOM TUTAHA
IMAKYJYROM HEMEHTAIITMJOM

MIRELA BRITCHIY, NICULAE ENEY, MIRCEA OLTEANU® 1 CONSTANTIN RADOVICI?

1Romanian Academy, Institute of Physical Chemistry “ llie Murgulescu” , Splaiul Independentei, 202,
Bucharest « 2lCECHIM, Splaiul Independentei, 202, Bucharest, Romania

[loBpmmHa y3opaka aycTeHUTHOT dennka 316L momudukoBana je audysujom tutana. [Ipe-
BJIake HacTaje audy3ujoM Io0HjeHe Cy MaKOBamkEeM M3 CMeEIIe paxoBa Koja ce cacTojana of mpa-
xoBa turana, NH4Cl and Al,Os. TIpouenypa je AyrorpajHa u 3axTeBa BUCOKE TEMepaType, MPeKo
900 °C. Ha nouetky nporeca Gopmupa ce aTOMCKH TUTAaH. ATOMH THTaHa JUQYHIY]y U3 METAITHUX
JIeJIOBa MOBPILIKMHE Ka YHYTpPALIKHOCTH, YiMe ce GopMupa Iudy3HOHH CII0j y 3aBHCHOCTH O] cac-
TaBa yenuka. Judysuja TuTaHa y NOBPIIMHY ayCTEHUTHOT Yenuka oapelyje popMupame KOMIIIeK-
cHe npeBnake: TaHak cinoj TiN y MOBPIIMHCKAM JeJ0BHMA MPEBJIAKE U CII0j Y YHYTPAILIKHOCTH Mpe-
BJIaKe KOJU CE€ CaCTOjH OJ1 jeauiberba Koja caapxe Ti, Ni u Fe. JloGujeHe npesnake Cy KOHTHHYaI-
He, 100po npujamajyhe u TBpaohe koja je Beha ox oHe kojy uMma matepujan nojiore. Judysuone
MPEBJaKe Cy MCIUTHBAHE ONTHYKOM U EIEKTPOHCKOM MHKPOCKOITHjOM, TH(PaKIIjoM X-3paKa H
Vickers-oBum tectom MukpoTBpohe.

(Mpumsseno 21. mapra, peBuaupaso 25. jyna 2008)
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