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Refractory-metal stabilized amorphous

stainless steel

Part 1 Formation and stability of amorphous stainless steel withWor Ti

RONG WANG

Pacific Northwest Laboratory *, Richland, Washington 99352, USA

Commercial stainless steel alloys have been made into amorphous, or glassy, states by
adding nearly 10 at % ofrefractory metals, such as W or Ti, via high-rate sputter deposition.
The formation of these stable amorphous stainless steel alloys required alloy compositions
beyond the equilibrium b c ¢ solid solution phase field. For the amorphous alloys contain-
ing W, the crystallization temperature increased from 760 to 1035 K as the W content
was increased from 11at% W to 23 at% W. The high crystallization temperatures were
attributed to the high resistence to crystallization of the complex intermediate x and u
phases, which occurred at 11 and 23 at% W respectively.

1. Introduction

In recent years, a large number of iron—chromium-
based amorphous, or glassy, alloys have been
obtained by rapid quenching from the liquid state.
These amorphous alloys are the “metal—metalloid”
(M—Md) type alloys containing one or more
metalloid elements, such as P, B, C, or Si and have
compositions near a general formula of (Fe, Ni,
Cr)soMdyy, where Md represents either a single
or several metalloid elements. The unique amorph-
ous structure has exhibited high mechanical
strength [1-3] and improved corrosion resistance
[4—6]. However, due to the large quantity of
metalloid elements, compositions of these types
of amorphous alloys are quite different from
commercial engineering materials such as steels
and stainless steels. In most cases, the amorphous
alloys have low thermal stability with crystallization
temperatures below 800 K [7]. Rapid quenching
techniques have been applied to several engineering
materials like stainless steels {8, 9], and high-
speed steels [10], but no amorphous phase was
obtained. The author found only one reported
case of amorphous steel,a commercial 304 stainless
steel that was made by sputter deposition in thin
film form [11]. Since the amorphous film was
extremely thin, about 200 nm, the structure and
properties of this film were not reported.

We have used a high-rate sputter deposition
technique to render commercial stainless steel
alloys containing a small quantity of refractory
metal such as W or Ti into an amorphous state.
These alloys are the “metal-metal™ (M—M) type
alloys based on transition metals. The amorphous
stainless steel alloys were formed as coatings
with thicknesses from 300 um to several milli-
meters. This is thicker than any reported metal-
metal amorphous alloys and thus many structure—
property relationships could be studied. This paper
is one if a series that report on the investigation
of the unique formation, structure, and properties
of the refractory-metal stabilized amorphous
stainless steel alloys and a comparison of these
properties of those crystalline stainless steel
alloys.

2. Experimental procedure

The amorphous alloys were prepared by a d.c.
triode, high-rate sputter deposition technique
described elsewhere [12]. Sputtering targets
were fabricated by embedding several 0.625 cm
diameter rods of the refractory metal, either W or
Ti, in a 7.62 cm diameter ASIS 304 stainless steel
disc of about 1 cm thickness. The number of rods
and their positions was varied to obtain deposits
either with uniform or graded composition. The
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T . Figure 1 X-tay diffraction pat-
tern for the amorphous (304
88),, W,, alloy, typical of the
patterns observed for (304
SS)100.4My> 11 < x < 54 where
xisat% W or Ti.
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substrate was a 6.35 cm diameter by 0.625 cm
thick copper disc welded to a stainless steel stem.
This arrangement permitted temperature control
by cooling external to the vacuum on the back
side of the substrate. The substrate was either
cooled to liquid nitrogen temperature, —195° C,
or water-cooled to maintain the temperature at
20 to 25° C during the deposition run. High-purity
krypton sputtering gas was admitted to the
chamber after the system was baked for 12h
to reach a pressure of 1 x 1072 torr. For a typical
deposit, a plasma potential of —40 V(d.c.) at a
plasma current of 3.5 A was used. The typical
deposits were about 300 um thick and were
produced at approximately 25umh™ deposition
rate,

The composition of the deposit was analysed
by energy dispersive X-ray analysis (EDAX) in a
scanning electron microscope. The deposits were
examined by X-ray diffraction and transmission
electron microscopy for identification of the
glassy structure and the crystalline phases. Crystal-
lization temperatures were derived from both
differential scanning calorimetry (DSC) measure-
ment at a scanning rate of 20 K min™* and iso-
thermal annealing in a vacuum for 1h, Hard-
ness measurements were made with a Zeiss micro-
hardness tester.

3. Results

The amorphous alloys, prepared with a starting
material of AISI 304 stainless steel (304 SS), and
refractory metal inserts had a wide composition
range which could be expressed by the formula

(304 SS)IOO—xMx ’

where M is a refractory metal, either W or Ti, and
x is the atomic per cent. A number of amorphous
stainless steel alloys containing W were prepared
at both —195°C and 25° C with x = 11, 12, 14,
21, 23 and 54. The diffraction pattern of the
amorphous alloys showed a broad first diffraction
peak of half-peak width about 5° (26), followed by
weak second and third diffraction peaks, see Fig. 1.
Both X-ray diffraction and transmission electron
microscopy studies indicated that the amorphous
stainless steel alloys had an amorphous structure
similar to that of the metal-metal amorphous
W—Fe [13] and Mo—Co [14] alloys reported
previously. The hardness of the amorphous alloys,
was observed to increase with increase in W
content, see Fig. 2.

For the amorphous alloys containing Ti, a
deposit was prepared with a graded composition
between x = 3.6 and 9.5 at % in order to determine
the composition range that separated the crystalline
and amorphous phases, see Fig. 3a. An amorphous
phase was formed for x equal to or greater than
8 at % and the crystalline phase with x equal to or
less than 7at%. The crystalline phase had
the bcce structure of sputter-deposited 304 and
304 L stainless steel alloys [8, 9]. Between x =7
and 8 at %, the deposit had mixed amorphous and
crystalline phases. The crystalline phase in the
amorphous—crystalline mixture region contained
many large b cc grains; these large grains were not
found in the solely crystalline alloys. The transition
from a completely crystalline phase field up to a
completely amorphous phase field was therefore
separated by only 1 at % Ti. The hardness of the
sputter deposited alloys decreased with decreasing
Ti content, see Fig. 3b.
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amorphous and crystalline and crystalline
phases.
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lization temperatures, Ty(psc), of the
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The thermal stability, in terms of the crystal-
lization temperature, T pgsc), derived from DSC
measurements increased with W content in the
amorphous alloys, as shown in Fig. 4. No DSC
peak corresponding to a glass transition tempera-
ture, T, was observed. The results of isothermal
annealing of the amorphous alloys between 773
and 1173 K in 100 K intervals are shown in Table
I. The DSC-derived crystallization temperatures,
T, ipsc) are plotted as a function of the W content
in Fig. 5, and compared with those estimated from
the isothermal annealing experiments, T, gso)-
T, (oscy were always higher than T, gso) and the
difference was about 130K forx = 11 at %. The dif-
ference reduced rapidly to about 30K for x = 21
and 23 at %. No thermal peak was observed for alloy
x =54at% by DSC measurement and a T,qs0,)
was estimated from the isothermal experiment.

1100

Only four types of equilibrium phases were
observed from the isothermal annealing experi-
ments, namely a solid solution Ferich b ¢ ¢ phase,
a W-rich bcc phase, the x phase and the u phase.
The Fe-rich b cc phase was observed at x between
11 and 14at% along with the amorphous or x
phases. The x phase was observed also at x between
11 and 14at%; but at 973K, the crystallized

"phase was almost 100% x phase. The u phase

was observed at x between 21 and 23at% at
1073 K. It coexisted with the x phase at x =21
at% whereas at x =23 at% it was nearly 100%
1 phase. At x =54at%, the crystalline phase
was mainly the W-rich bcc phase with a small
amount of the u phase. The crystallization tem-
perature increased rapidly in the composite range
of x=11 to 23at% and then leveled off at
x =54at%.
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TABLE 1 Crystallization behaviour of amorphous (304 88), ... W, alloys

Composition x (at%) Crystallization Phase(s) formed by isothermal annealing for 1 hat
femperature . 773K 873K 973K 1073K 1173K
Txpscy  Txaso)
0 - - bece fce fce - -
11 888 760 ‘bcc (40)1' {bcc (40) {bcc 20) - -
am¥ (60) X (60) x (80)
14 927 830 am {bcc(SO) {bcc(S) - -
x (50) x (95) - -
21 986 960 am am { x (30)  [x (20) -
am (70) { u (80) -
23 1073 1038 am am am u (100) # (100)
54 - 1040 am am am { bce (90) { bce (90)
am (10) x (10)

=i‘T,,(Iso) was estimated based on the fraction of the first crystallized phase.
T Number in parentheses indicates approximate per cent of each phase,

fam = amorphous.

4., Discussion

4.1. Formation and phase stability

Both a high quenching rate and a small quantity
of refractory metal addition are needed to stabilize
an amorphous alloy made from a crystalline
stainless steel alloy. A high quenching rate alone
cannot result in a stable amorphous alloy. For
example, high-rate sputter deposition of both
304 and 304 L [8, 9] stainless steel at —195°C

1300

and room temperature produced only a crystal-
line phase. Apparently, in addition to the high
quenching rate, a critical quantity of the refractory
metal is needed to stablize the amorphous stainless
steel alloys at or above room temperature.

The quantity of the refractory metal required
for the stabilization of the amorphous structure
must at least be sufficient to push the crystalline
phase boundary for the stainless steel alloys beyond
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the solid solution bcc phase field. The thermal
stability of the amorphous phases formed in the
equilibrium phase fields of bee, feccand hep is
very low and usually shows a low crystallization
temperature about 10% of the melting tempera-
ture [15]. Thus, amorphous alloys formed in the
bee phase field would have a crystallization
temperature around 180 K. Consequently, stable
amorphous alloys result only at those compositions
where crystallization produces a two-phase or
multiple phase mixture containing at least one
intermediate phase with a complex structure such
asa or ay phase [15].

The reasoning that a critical quantity of W or
Ti is required to make amorphous stainless steel
alloys can be extended to other refractory metals
such as Nb, Ta, Zr, Hf and Mo. Since the solubility
of all these metals except Mo is less than 10 at %
in iron [16—18], it is likely that the amorphous
state in stainless steels can be achieved by alloying
with approximately 10 at % of Nb, Ta, Zr, and Hf.
Even if the solubility of Mo in iron was as high as
26at% [19-21], it probably will also take about
10 at % of Mo to achieve the same result because
the formation of the x phase CryyFezsMoyo [22]
is in the same composition range for the x phases
of Crls F934Ti9 [23] and CI'13Fe35 N13T17 [24] .
The formation of the Ti-stabilized amorphous
stainless steels with 8 at % of Ti was attributed
to these latter phases.

4.2. Crystallization process

The crystallization process of the amorphous
stainless steel alloys, analysed from both the
DSC measurement and the isothermal annealing
experiments showed that the occurence of the
crystalline phase during crystallization proceeds
from the bcc, the x and the u phases. The crystal-
lization process, summarized from the isothermal
annealing experiments, was the following

am-(304 SS)goWy; 22> Fe-richbec+ am

where am denotes amorphous and ¢ denotes
crystalline. After the first stage of crystallization,
the remaining amorphous phase subsequently
crystallized in either the u or x phase at a tempera-
ture about 100 K higher than that of the b ¢ ¢ phases.

However, the DSC measurements did not show
these two stages of crystallization process. Not
only did all the DSC measurements show just a
single thermal peak for x = 11 to 23 at % but no
thermal peak at all was observed for x = 54 at %.
Since the am-(304 SS)ysWsq crystallized mostly
into the W-rich bcc phase, the failure to detect
the amorphous to bcc phase transition by the
DSC measurement was due to the wide tempera-
ture range for the nucleation and growth of the
bece crystallites from the amorphous phase [25].
In this case, the DSC measurement was not able to
detect the first stage crystallization of the bcc
phase. This conclusion is consistent with the
observation that T, pgcy of the amorphous alloy
with x = 11 at % was about 130 K higher than
T.aso) where the DSC thermal peak was mostly
due to the crystallization of the x phase which is
approximately 100 K higher than the b cc phase.
The crystallization temperatures for the W-
stabilized amorphous stainless steel alloys therefore
are better described by T, qs0)-

The high thermal stability of the amorphous
stainless steel alloys can be related to both the
increase of the melting temperature of the alloy
with increase in the W content and to the ability
of W or Ti to form the complex x and u phases.
The crystallization temperatures derived from
both DSC and isothermal annealing experiments
showed two abrupt increases associated with
the occurrence of these two intermediate phases.
The first abrupt increase of the crystallization
temperature occurred at about 10 to 11 at %
W where the amorphous stainless steel was
stabilized due to the presence of the x phase upon

[ﬂf_. (%), )

am-(304 SS)7W,; 225 () + am

l ~1073K

and

am- (304 SS)yWsq 1040 K, Warich bec+ am

~1173 K
[ mE L c(u),

- c-(p) )

€))
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crystallization. The second abrupt increase was in
the range of 21 to 23 at % W where the u phase
occurred upon crystallization.

The increasing crystallization temperature for
the bcc phase is therefore attributed to the
increase in melting temperature of the bcc phase
with increasing W content. For the amorphous
alloy of 54 at % W, the crystallization temperature
Teaso) for the W-rich bce phase was about
1040 K, or 210 K higher than for the Ferich bcc
phase observed at 14 at % W alloy and nearly
300K higher than for the bcc phase of 11 at %2 W
alloy. Otherwise the abrupt increase of the thermal
stability of the amorphous stainless steels over a
narrow composition range can be attributed to the
increasing difficulty of crystallization of the
intermediate phases with complex crystal struc-
tures. For comparison, an amorphous alloy at
the composition of the x phase in CrysFegq Tio
was prepared and the DSC measurement indicated
a T, (pscy of 921 K. This was essentially the same
as the T, (psc) value of 922 K for the amorphous
stainless steel alloys containing 14 at % W.

5. Conclusions

Commercial AISI 304 stainless steel alloys were
rendered into the amorphous state by incorpor-
ating at least 10 at % of W or Ti through high rate
sputter deposition. Formation of the amorphous
phase requires a critical quantity of W or Ti to
bring the alloy composition beyond the crystalline
b c¢¢ terminal solid solution field. Other refractory
metals such as Nb, Ta, Zr, Hf and Mo in similar
quantities are also predicted to induce stainless
steel amorphous phase formation. The W-stabilized
alloys have a high crystallization temperature
ranging from 760 to 1040 K. The increase in
crystallization temperature was related to both
the increase of the melting temperature of the
alloys and to the increasing difficulty of crystal-
lizing the intermediate - and p-type phases which
have complex crystal structures.
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