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The effect of cold work on the oxidation rate of 2~ Cr-I Mo steel in pure 
oxygen at I atm pressure at temperatures ranging from 400 to 950~ has been 
studied for short exposure periods (max. 4 hr). The specimens had been cold 
worked up to 90% by cold rolling. The results indicate negligible effect of cold 
work on the oxidation kinetics up to 700~ beyond which there is general 
reduction in oxidation. The effect was pronounced at 900~ The increased 
resistance to oxidation has been attributed to the faster diffusion of chromium 
in the cold-worked material compared to the annealed one, leading to the 
formation of a chromium-rich spinel which helps in slowing down the oxidation 
of the alloy. The findings have been corroborated by the examination of all 
samples oxidized at 900~ by optical, EPMA, SEM, and EDAX analyses. 
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I N T R O D U C T I O N  

The effect of  cold work on the oxidation of  various ferrous alloys in different 
atmospheres has been studied by several workers. The results indicate that 
in the case of  iron, t-3 the effect is detrimental while prior cold work in 
several iron-chromium alloys 4 and stainless steel 5'6 enhances the oxidation 
resistance of these alloys. Oxidation resistance of an Fe-10% Cr alloy at 
600~ in air increases with increasing amounts of  cold work in the alloy. 7 
Breakaway oxidation can be prevented till at least 2000 hr at 600~ for this 
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alloy by severe cold rolling, s Caplan 4 reported that cold work increases the 
oxidation of  10-16 wt.% Cr alloys, but decreases the oxidation rate of  higher 
Cr alloys. 

In pure iron, it has been proposed 1-3 that the oxidation rate increases 
because of  better scale adhesion, which increases the scaling rate, and in 
the case of  i ron-chromium alloys, the enhancement  of  oxidation resistance 
has been attributed to the faster diffusion of chromium, which forms the 
protective scale. 4"9 Recent work has shown that oxidation behavior  of  Fe -Cr  
and N i - C r  alloys depends on the distribution of  Cr and on certain micro- 
structural features in the oxide. 7 Little information is available on the 
oxidation behavior  of  low-chromium steels. The present work reports the 
results of  oxidation studies on an industrially important  low-chromium 
alloy, viz., 2�88 Cr-1 Mo steel. 

E X P E R I M E N T A L  M E T H O D  

Sheets of  2�88 Cr-1 Mo steel, 6 mm thick, whose chemical composi t ion 
is given in Table I, were used as the starting material for the studies. Strips 
60 x 10 x 3 m m  were cut from these sheets and cold rolled to a thickness of  
approximately  1 mm. They were then sealed in an evacuated quartz tube 
and were heat treated at 950~ for 2 hr. Taken as 0% cold-worked samples, 
the strips were then used to obtain samples with different degrees of  cold 
work by cold rolling. Thus specimens with cold work of 37%, 46%, 63%, 
76%, and 89% were prepared.  Rectangular samples with total surface area 
of  1-2 cm = were cut f rom these strips and were polished to submicron finish 
using a series of  SiC papers  and diamond paste, degreased, and finally 
washed in alcohol before use. Oxidation was carried out in oxygen purified 
from moisture and carbon dioxide at 1 atm pressure for a fixed duration of 
4 hr at temperatures ranging from 400 to 950~ in a Mettler TA1 thermo- 
analyser. A ramp heating program of 25~ was used to reach the 
desired temperature.  For  kinetic calculations, zero time has been taken only 
after the desired temperature  was reached. Postoxidation studies were 
carried out using EDAX and EPMA for determining surface oxide composi- 
tion and concentration profiles through the oxide/al loy layer. 

Table I. Nominal Chemical Composition of Steel Used 

Element Cr C Mn Si P S Mo Cu Ni Fe 

Wt.% 2.28 0.07 0.42 0.019 0 .19 0.025 0.95 0.03 0.08 Bal. 
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EXPERIMENTAL RESULTS 

Kinetics 

The total weight gain observed after a fixed duration of  4 hr oxidation 
on various cold-worked samples at various temperatures is given in Table 
II. Weight-gain data indicate negligible effect of cold work on oxidation 
up to 700~ At higher temperatures, the effect was found to be significant. 
The data for 800, 900, and 950~ are plotted in Fig. 1. The effect of  cold 
work on oxidation behavior seems to follow a similar trend at all the three 
temperatures. There is a general decrease in the weight gain as the cold 
work increases. However, a slight increase in weight gain at about 46% 
cold work is noted, and is being investigated further. 

The effect of cold work on oxidation kinetics can be depicted by the 
linear weight-gain plots at various temperatures as shown in Figs. 2, 3, and 
4. At 800~ the decrease in weight gain is due to the decrease in parabolic 
rate constants calculated from the square of the weight gain versus time 
plot (top left of Fig. 2) and listed in Table III. At 900~ breakaway oxidation 
was observed in annealed samples, but no breakaway was seen in cold- 
worked samples. This is quite evident from the total weight-gain data given 
in Table II as well as from the plots of  the square of  the weight gain versus 
time (top left of  Fig. 3). As seen from Table III, the parabolic rate constants 
for the cold-worked samples generally decrease with increased cold work. 
At 950~ breakaway oxidation was observed on all the cold-worked 
samples. Therefore, the decrease in the total weight gains with increased 
levels of  prior cold work is due to the decrease in the postbreakaway rates 
of  oxidation: from 1.05/xg/mm2/min for the annealed sample to 0.938, 

Table I1. Total Weight Gain i n / x g / m m  2 in 4 hr Isothermal Oxidation at Various Temperatures  

Cold-worked 

Fully 
Temp. annealed 

(~ 0% 37% 46% 59% 63% 76% 89% 

400 2.01 2.57 2.04 1.75 1.99 
500 3,63 4.60 3.34 3.86 4.45 
600 5.46 4,68 4.72 4.32 5.78 
700 I 1.67 10.93 10.83 10.45 I 1.8 
800 30.04 22.96 26.50 19.70 19.60 
900 178.75 78.12 86.71 73.88 62.90 54.50 
950 349.50 301.76 326.52 285.9 281.40 

32.54 
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Fig. 1. Total weight gain during 4 hr oxidation as a function 
of degree of  cold-work at various temperatures. 

Table I lL Parabolic Rate Constants for Various Cold-Worked 
Samples at Different Temperatures 

% 

Parabolic rate constant 
(tzg 2 mm -4 rain -I)  

800~ 900~ 950~ 

0 3.83 a a 
37 1.85 27.8 a 
46 1.35 27.8 a 
63 1.31 5.5 a 
76 t.31 5.5 a 

Breakaway oxidation. 
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Fig. 2. Weight gain vs time plot and square of weight gain vs time plot (top 
left) at 800~ for 4 hr  for different degrees of  cold work. 

0.794, 0.762, and 0.714 p~g/mm2/min for 37%, 46%, 63%, and 73% cold 
work, respectively. 

Oxide Scale Analysis 

A detailed analysis of the oxidized surface of the steel was carried out 
on the samples oxidized at 900~ for 4 hr. 

Surface Topography 
Surface topographical features observed using SEM show blocky oxide 

masses and presence of cracks on the annealed sample (Fig. 5a), indicating 
an excessive oxidation compared to the uniform oxide layer with flowering 
types of oxide particles present on cold-worked samples (Fig. 5b for 76% 
cold-worked and Fig. 5c for 89% cold-worked samples)~ This is in confor- 
mity with the trend shown by the weight gain data discussed in the previous 
section. X-ray diffraction analysis carried out on these samples indicated 
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Fig. 3. Some as Fig. 2 but at 900~ 

a n  a - F e 2 0 3  outer layer on the annealed sample and Fe304 o n  the cold- 
worked samples. 

Cross.Section of the Oxide Scale 

Oxide cross-section was studied using optical microscopy, SEM, 
EDAX, and EPMA. Figure 6 shows the SEM micrographs of the oxide 
scale along with the elemental distribution of the various constituents of 
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Fig, 4. Same as Fig. 2 but at 950~ 

the alloy in the oxide scale, measured by the point-to-point analysis tech- 
nique using EDAX. It is clear from these micrographs that the oxide layer 
becomes thinner with the presence of  prior cold work on the sample, Some 
of  the other important features observed are as follows. 

The outer scale formed on the annealedsample  is very uniform and 
is brittle near the alloy/oxide interface. The scale formed on the cold-worked 
samples is relatively porous and is more so near the alloy/oxide interface. 



Fig. 5. SEM micrographs showing the surface topography 
of the oxide layer formed on (a) annealed specimen, (b) 
63% cold-worked specimen, and (c) 89% cold-worked 
specimen during 4 hr oxidation at 900~ 
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Fig. 6. Oxide cross-section (SEIVl micrograph) and depth profile for various constituent 
elements in (a) annealed specimen, (b) 37% cold-worked specimen, and (c) 46% cold-worked 
specimen during 4 hr oxidation at 900~ 

An additional feature on the cold-worked samples, which distinguishes it 
from the annealed samples, is the region in the unoxidized alloy matrix 
next to the alloy/oxide interface. This region consists of dark spots. Nital 
etch showed that these spots appear both within the grains and on the grain 
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boundaries (Fig. 7). EDAX analysis of these spots revealed that these are 
Cr-rich phases similar in composition to that of  the oxide layer adjacent to 
the al loy/oxide interface. The Cr content at the grain boundaries is slightly 
more than that of  the spots within the grains (Fig. 8). Thus it can be inferred 
that these spots represent the internal oxides formed in the alloy matrix 
adjacent to the alloy oxide interface. 

Results of the EPMA analysis of  the cross-section of  the oxidized 
samples are shown in Fig. 9, which gives absorbed electron pictures of  the 
scale as well as X-ray images of  Cr and Fe. The absorbed electron picture 
shows a single layer on the annealed sample, while the pictures for cold- 
worked samples show a duplex layer. The X-ray images of Cr for cold- 
worked samples clearly show the regions of high Cr concentration within 
the alloy adjacent to al loy/oxide interface. These enriched phases are absent 
in the annealed samples. This is in agreement with the EDAX results given 
above. 

Fig. 7. Optical micrograph showing the formation of 
internal oxides both within and on the grain boundaries 
(Nital etch) on a 37% cold-worked sample oxidized for 
4 hr at 900~ 
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Fig. 8. SEM micrograph showing the internal oxide particles formed on the matrix adjacent 
to the oxide/metal interface. 

The presence of duplex layers on the cold-worked samples was con- 
firmed by the following special etching technique, which can distinguish 
an internal spinal layer from an outer iron-oxide layer on 2�88 Cr- 1 Mo steels.l~ 
Anodic etching (using the specimen as the anode in 0.5% Na2CrO4 solution) 
will reveal the inner spinel layer (i.e., the layer adjacent to alloy/oxide 
interface) by the darkening in color; while cathodic etching (using the 
specimen as the cathode in 0.5% Na2CrO4 solution) will delineate the grain 
structure of the outer Fe304 oxide layer. Figure 10 gives the photomicro- 
graphs of the annealed and cold-worked samples (a) without etching, (b) 
anodically etched, and (c) cathodically etched. It is clearly seen from these 
micrographs that the cold-worked specimens show a dark, inner layer when 
anodically etched and an outer, delineated grain-boundary structure when 
cathodically etched. No such features are revealed in annealed specimens. 

DISCUSSION 

Both the thermogravimetric results and the oxide analysis discussed in 
the earlier sections demonstrate that the presence of prior cold work in the 
samples increases the oxidation resistance of 2�88 Cr- 1 Mo steel at 800, 900, 
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Fig. 9. Absorbed electron image and X-ray images of Cr and Fe obtained in the EPMA 
analysis of oxide layers of specimens oxidized at 900~ for 4 hr with different degrees of 
cold-worked (0%, 37%, 46%). 

and 950~ Detai led oxide-scale analysis at 900~ can be used to formulate  
a possible mechan i sm of  this enhanced  oxidat ion resistance. As compared  
to the annea led  sample,  two addit ional  features have been observed in the 
co ld-worked  sample:  (i) the presence o f  an internal oxide in the under lying 
matrix adjacent  to the a l loy /ox ide  interface and (ii) the duplex nature of  
the oxide scale consisting of  an internal spinel layer and an outer  Fe304 layer. 

The presence o f  an internal spinel layer on i r on -ch romium alloys having 
-<5% of  Cr has been reported by Wood.  ~1 Also it is well-known that  a 
spinel structure is comparat ively  defect free when compared  to a simple 
rhombohedra l  Fe203, Cr203 mixed oxide, which is believed to have been 
formed on the annealed sample. The presence o f  an internal spinel layer 
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thus reduces the transport of Fe to the outer surface, while the inward 
diffusion of oxygen is not affected, and therefore, more oxygen diffuses into 
the matrix through this spinel layer, resulting in the formation of internal 
Cr-rich mixed oxides. The question that still remains to be clarified is: What 
makes cold-worked samples form a duplex layer, which is not possible on 
the annealed alloy? Several workers 4'7'12 have reported that in iron- 
chromium alloys having Cr->9wt.%, the presence of prior cold work 
enhances Cr diffusion, which results in the formation of a more protective 
chromium oxide layer on the surface, thereby enhancing the oxidation 
resistance. Some workers ~2'~3 have proposed that fast diffusion of Cr occurs 
through some short-circuit diffusion paths in the underlying alloy which 
forms as a result of prior cold work in the specimens. The possibility of 
forming a chromium oxide layer does not exist in the present low-Cr alloy. 
However, a spinel layer is formed which is freer of defects than a simpler 
rhombohedral  mixed oxide of Fe and Cr and hence helps in reducing the 
oxidation rate. 

On the basis of these considerations, a mechanism has been formulated 
which is shown schematically in Fig. 11. The single layer consisting of a 
mixed oxide of Fe and Cr has been assumed to have formed on the annealed 
sample in the following way. In the initial stage of oxidation an iron oxide, 
F%O3, is formed along with an amount of Cr203 commensurate with the 
alloy composition. This layer ultimately grows to a mixed oxide of iron and 
chromium through the inward diffusion of oxygen ions and the outward 
diffusion of cations (Fe and Cr). Slow diffusivity of Cr results in its con- 
centration at the alloy/oxide interface, and the outer layer grows as an 
oxide of iron, Fe203 (Fig. 1 la and b). In the cold-worked samples, the 
initial stage of oxidation is similar to that of the annealed alloy with respect 
to the formation of a mixed oxide. As the oxidation progresses, the diffusion 
processes set in. 

Due to the increased defect concentration in the cold-worked alloy, 
Cr diffuses faster towards the surface, and the higher concentration of Cr 
thus available at the alloy/oxide interface will lead to the formation of a 
spinel of the type F%_xCrxO4. After the formation of a complete layer of 
this spinel, further oxidation will be controlled by the diffusion of  the cations 
and oxygen through this layer. 12 Diffusion of Cr through this spinel layer 
is comparatively slow. 14 This leads to the observed Cr enrichment in the 
spinel layer at the interface with the alloy. As a consequence, the diffusivity 
of Fe is also reduced, ~5 thus lowering the overall oxidation rate. Hence, the 
diffusion of  Fe through the spinel is assumed to be the rate-controlling step. 
The diffusivity of oxygen anions inward is, however, unaffected by the 
formation of this spinel layer and therefore causes internal oxidation in the 
underlying alloy (Fig. l lc ,  d, and e). 
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Fig. 11. Schematic diagram of formation of the scale. 
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C O N C L U S I O N S  

The presence  o f  p r io r  co ld  work  d id  not  affect the ox ida t ion  rate o f  
2.J Cr-1 M o  steel  dur ing  a 4 hr  exposure  in pure  oxygen  up  to 700~ At 
800~ and  above ,  the p resence  o f  p r io r  co ld  work  dec reased  the genera l  
ox ida t i on  in the  4 hr  exposu re  pe r iod  in pu re  oxygen.  This  effect was mos t  
p r o n o u n c e d  a t  900~ E n h a n c e m e n t  in ox ida t i on  res is tance  in the  cold-  
w o r k e d  s amp le s  has  been  a t t r ibu ted  to  the  f o r m a t i o n  o f  an  inne r  sp ine l  
l ayer  which r educes  the  ra te  o f  t r anspor t  o f  cat ions ,  
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